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Variation of Frictional Strength in Precut Foam Rubber, 
with Implications for Slip Instability
ABSTRACT
Foam rubber is useful for modelling earthquakes and stick-slip, 
chattering that occurs readily in foam rubber and is controlled by friction 
weakening and stiffness. This study investigates frictional parameters and 
variable friction potentially causing stick-slip.
The best friction coefficient for foam rubber is: friction over normal 
load to the two-thirds power (/x’ = Increasing the system stiffness
sufficiently enabled smooth sliding. In these experiments, = 5.4 and 
M’dyn = 6.5.
Contact time has no effect on static friction. However, peak friction 
increases during a second sliding interval from asperities interlocking. Friction 
also significantly increases inversely with load rate, with effects amplified by 
dynamic conditions. No negative friction-velocity relation is exhibited.
Rather, the curve increases rapidly then remains constant over velocities 
corresponding to stick-slip events.
Displacement weakening (demonstrated when asperities interlock) and 
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Before earthquakes can be predicted accurately or consistently, we must 
first have a beft^'understanding of what causes them. For instance, how is 
a fault rupture triggered and what makes it stop? Why do some fault 
segments have ‘characteristic’ earthquakes while others have a random history? 
And, how are some faults able to move aseismically? Simplistically, the 
explanations are, linked to the build up and release of energy. However, the 
mechanics of what transpires across a rupture zone in the course of an 
earthquake is still largely an enigma.
FRICTION AND EARTHQUAKES
Current studies in earthquake mechanisms primarily focus on nucle- 
ation. Because most tectonic earthquakes occur on pre-existing faults, under­
standing frictional sliding is important to understanding earthquake mecha­
nisms. In 1966, Brace and Byerlee proposed that a frictional phenomena 
known by mechanical engineers as "stick-slip" is the likely mechanism for 
shallow earthquakes. This concept is supported by laboratory tests of rocks 
sliding under a wide range of conditions. This is an improvement over 
earlier theories because it provides a mechanism which/allows slip to occur 
repeatedly on a pre-existing fracture plane and is jc6nsistent with the stress 
released in an earthquake being only a fraction of the total kress.
Stick-slip motion is the jerky frictional oscillations or chattering which 
can occur in a number of materials during sliding. The oscillations are 























This sequence results from the interaction of an elastic system with variable 
frictional resistance. The stress drop that occurs in conjunction with the slip 
phase of a stick-slip event is analogous to the stress drop during an earth­
quake.
Years after iW-pr^osal, stick-slip is still considered a plausible mecha­
nism for earthquakes, however, many aspects of the process remain undis­
covered. Most of the studies have concentrated on conditions controlling 
whether stick-slip occurs rather than examining the process itself. Mechanical 
engineers have worked extensively to understand the details of dynamic 
friction and the stick-slip process as part of their pursuit to eliminate machine 
vibrations. More recently, but to a lessor extent and from a different perspec­
tive, this has become a topic of interest in earth sciences and rock mechanics 
because of the connection between stick-slip and earthquakes. Insight into 
the stick-slip process may promote understanding of earthquakes, including 
creep along faults and potential precursory motion prior to an earthquake.
The difference between static and dynamic coefficients of friction has 
been offered as a simple explanation for the cause of stick-slip, but the mere 
existence of two coefficients has not withstood close scrutiny. Distinguishing 
between coefficients of static and dynamic friction is convenient for describing 
macroscopic observations, but does not yield much insight into the mechanics 
involved. Theory holds that stick-slip occurs when there is ^decrease in the 
coefficient of friction in which friction is not constant bqt; For instance, 
weakens as a function of velocity, displacement or time. According to theory, 
the system must also have a low enough stiffness that will not suppress 
unstable motion.
Two friction laws are known to everyone who has studied physics or 



















that the coefficient of friction is independent of the macroscopic area of 
contact. The second. Coulomb’s law for dry static friction, says that two 
surfaces in contact will slide when the net traction reaches a critical value 
proportional to the compressive force. As intended, these laws describe 
frictional effects between rigid or plastic materials exhibiting gross sliding past 
each other, and do not address problems in elasticity. (Oden and Pires, 1983; 
Ruina, 1985)
These classic laws approximate frictional behavior in only a very rough, 
incomplete fashion since they assume that sliding is continuous and only 
atoms along the surface are involved. (Bowden and Leben, 1939) Coulomb’s 
law essentially addresses peak strength and not the variation in friction after 
slip starts. (Ruina, 1985) In design, minor displacement prior to gross slip 
and small stress drops at slip are considered insignificant compared to the 
importance of peak strength. Howeyer, in studying slip stability in elastic 
systems, the variation in friction with the progression of slip, however small, is 
exceedingly important.
Friction is such a familiar phenomenon basic to the mechanics of so 
many commonplace experiences and engineering problems that it seems sur­
prising that we do not understand it better. This is not because experimental 
research is lacking, however, but rather that the nature of dynamic friction of 
sliding surfaces is exceedingly complex and is determWd by a multitude of 
factors. ^
FOAM RUBBER MODELLING
Physical models are very useful tools that can provide unique insight 
into behavior and processes. For example, physical modelling can contribute 























• Features previously overlooked or masked in nature can be identified 
when enhanced or isolated in a model.
• Behavior noted in diverse materials or conditions cam confirm its 
universality.
• ^"i^ts can be repeated under the same conditions, or with selected 
variables modified.
• Events that are infrequent or otherwise unlikely to be observed can be 
created.
• Observations can be made simultaneously at reiultiple points, sometimes 
at locations not accessible in nature.
• Validity of numerical and analytical models can be tested.
Foam rubber has been proven to be a favorable material for modeling 
seismic behavior. A key attribute is its high elasticity which allows waves to 
readily propagate. Additional advantages are that it is available in various 
stiffnesses and densities, is easily worked so that various configurations can be 
created or easily modified, and is relatively inexpensive. Foam rubber can 
provide control in fault modeling because heterogeneities can be introduced in 
the material, or fault geometry which is not possible with rock and most 
other types of materials can be created. (Johnson et al., 1973) Foam rubber 
has successfully been used in several fault-mod^ studies discussed below, as 
well as in models of topographic and geometric wave amplification, seismic
impedance, and soil-structure interaction. (Brune et al.', 1987)
>
Brune (1973) was the first to use foam rubber to model earthquake 
ruptures. Stick-slip was induced in precut surfaces which were stressed, then 
motion was triggered by reducing the normal force. Stress drops in these 
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slip in the model is analogous to earthquakes, including the presence of fault 
creep and multiple events. An advantage of using foam rubber rather than 
rock in that experiment was that the rupture surface could be constrained, 
along the edges.
In a similar systeW^chuleta and Brune (1975) studied the near-field 
focusing of energy in the direction of rupture propagation. The results agree 
with both analytical and numerical models, further confirming the applicability 
of foam rubber in seismic models. Hartzell and Archuleta (1979a, b) meas­
ured particle displacements simultaneously at multiple points in their foam- 
rubber model of stick-slip earthquakes. The model exhibited realistic acceler­
ation then deceleration of the rupture front and variations in the static 
displacement field. More recently, Brune et al. (1989) constructed a larger- 
scale model to study spontaneous stick-slip and to see whether the displace­
ment and velocity dependence of friction apparent in rock experiments is also 
evident in foam rubber.
PURPOSE AND SCOPE
At the time of this undertaking, problems being address by foam- 
rubber modelling focussed on the friction-velocity relation, constitutive rela­
tions set forth for rock (Dieterich, 1981; 1986), and friction weakening in 
general. But before the nature of the instability underlying fricti^al oscilla­
tions can be specified, stable friction must first be characteri^. Developing 
appropriate scaling factors for foam rubber first required determining the 
static and dynamic coefficients of friction. The goal of this study has been to 
characterize some static and dynamic frictional properties and behavior of 
foam rubber, lending insight into sliding stability. This work has been 



















of earthquake behavior by Dr. Brune at the Mackay School of Mines Seismo- 
logical Laboratory.
This thesis examines the behavior of static and dynamic friction and
« ^
parameterizes some of the physical properties of foam rubber. Specifically, 
static and dynamic friction und^stable conditions are evaluated with partic­
ular emphasis on friction weakening, and factors which may govern sliding 
stability in foam rubber are speculated upon. The approach to this project 
has been guided by preliminary testing and ongoing literature search into 
areas of mechanical engineering, rock mechanics and seismology. ^
The results of the literature search have been compiled into a compre­
hensive, though by no means complete, discussion of friction in Chapter 2. 
The focus is primarily on friction mechanics, but also addresses sliding 
stability. Inherent difficulties arise when working with a material that is so 
highly compressible and has such a high friction coefficient. Consequently, a 
substantial phase of the project was designing and constructing the test 
apparatus plus developing the system for measuring and recording the neces­
sary data suitable for foam rubber. This is discussed in Chapter 3. After a 
workable system was devised for determining the friction-velocity relation,
■ experimental procedures were modified to conduct several static-friction exper­
iments. These procedures are described in Chapter 4. The results of the 
tests are presented and analyzed in Chapter 5, which also incorpora^ some 
of the preliminary findings from the Appendix. Some preliminary results and 
observations are summarized first, followed by static and dynamic friction.
The significance and implications of this study are discussed in Chapter 6 in 


























Tribology is the\Stu^ of interacting surfaces in relative motion and 
includes friction, wear and lubrication. Friction is defined as resistance to 
motion developed in response to tangential forces transmitted across a 
contacting interface pressed together by a normal force. (Rabinowicz, 1965) 
These resisting forces are generated from attraction between the surfaces and 
interaction between contacting regions, with the energy dissipated as brittle 
fracture, elastoplastic deformation, and frictional heating.
Friction is frequently thought of as a material or surface property in 
which a single number can be assigned; however, the instantaneous friction 
depends upon dynamic forces and external factors as well. The manner in 
which the load is applied, the evolution and history of motion, and the 
dynamics of the measuring system can all affect friction. A unique value may 
not even exist if the surface evolves significantly due to sliding, such as with 
displacement-induced wear. (Paterson, 1978)
The friction of metals is the foundation for the theory and assumptions 
formulated about friction, with supplemental contributions from studies of rock 
friction and elastomers sliding against hard surfaces. This chaptfer discusses 
several categories of dry (unlubricated) frictieHr-«ome characteristic types of 
sliding motions, causative friction mechanisms and, briefly, slip-stability criteria. 
The last section focuses on some of the characteristics and the frictional 




















External friction addresses forces between pre-existing surfaces, whereas 
internal friction is concerned with the internal structure .of a solid or 
composite without a predefined failure plane. External friction is further 
categonz^by the type of loading as sliding, rolling or impact friction.
Sliding friction, the subject of this study, is often discussed in terms of 
being either static or dynamic. Static friction is the force required to initiate 
slip and dynamic friction is the force necessary to maintain sliding. Static 
and dynamic friction are convenient terms to use wfien discussing general 
theory, end-member behavior, or the stability of a block with a potential to 
slide. Both of these terms describe macroscopic observations but have limited 
use when describing the complicated mechanics in the transition from one to 
the other. In studies focused on the way friction varies, the distinction 
between static and dynamic friction becomes vague and in detailed studies, 
"static friction" may have little physical meaning.
Engineers and scientists alike frequently refer to the coefficient of 
friction, IX, which can be applied to both static and dynamic friction. This is 
a proportionality constant between the frictional or tangential stress, r, and 
the normal stress, a„, (or the frictional load, F, and the normal load, N).
The simplest and by far the most well-known equation for friction is from 
Amontons’ Law and takes the form: n = t I aj When modelling elastic 
behavior, a power law is used with the ioryfv. \x = t j This equation 
will be discussed in more detail in the section on normal stress. A third,^ 
commonly-known relation is the linear equation: r = s + n" • from which 
ix" = (T-s)/a„, where s is an inherent shear strength. These relations are 
graphically illustrated in Figure 1.
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A useful way to evaluate the friction force is to plot it against 
displacement, as idealized in Figure 2. The initial, linear part of the curve 
reflects the linear elastic deformation of the material whose slope equals the 
stif&iess. Because displacement is commonly measured away from the traction 
interface, measurements usually include elastic deformation. The terms initial, 
peak, and residual friction discussed by Byerlee (1977) describe common 
observations in static friction and the transition to dynamic friction. Point O, 
where the curve becomes non-linear, marks the onset of relative slip; the 
corresponding force is the initial friction. Friction continue^o increase and 
may level out to a constant force at R, the residual friction, which in this 
context is synonymous with dynamic friction. Friction may reach the residual 
vjilue by first going through a maximum at P, designated as the peak friction. 
If the path follows the dotted lines, peak friction equals residual friction. 
Though contrary to common belief, sliding can become unstable prior to 
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Figure 2. Friction as a function of displacement -- showing initial (O), peak 
(P), and residual (R) friction. Friction may follow the dotted line, in which 
case, peak and residual friction are equal. (Byerlee, 1977)
SLIDING MOTIONS
Frictional sliding can either be smooth or proceed in an unstable 
oscillatory fashion and, with just a small change in conditions, can transform 
from one mode to the other. Stable sliding is steady, continuous displace­
ment between surfaces with constant or uniform friction.^ This can in^de 
creep and can be accompanied by minor fluctuations in velocity or/friction. 
Inaudible elastic shocks with very low amplitude have been observed during 
stable sliding. (Byerlee and Brace, 1968) Unstable sliding is characterized by 
friction- or self-induced vibrations consisting of alternating or irregular slip 
velocities accompanied by varying frictional strength. These oscillations 
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The most classic and common friction-induced oscillation is "stick-slip", 
a term coined by Bowden and Leben (1939). Stick-slip motions are relax­
ation oscillations such as the familiar chattering or intermittent jerks which 
occur when chalk squeaks^^oss a chalkboard. The process is an alternating 
sequence of little or no motion when the surfaces stick together, followed by 
discrete, rapid slip. The surfaces stick again and the process repeats. The 
oscillations are characterized by the sawtooth form of the displacement-time 
function shown in Figure 3(a). The stick does not necessarily mean there is 
no displacement, but may represent an abrupt change in sliding speed.'' 
Friction builds during the ‘stick’, with a nearly instantaneous stress drop 
during the ‘slip’. (Dieterich, 1974) Stick-slip tends to arise at low velocities 
and may change to apparent stable sliding above a threshold velocity. 
(Baneijee, 1968) Elastic radiation often accompanies stick-slip motion and is 
often audible in rock. (Johnson, 1975)
"Quasi-harmonic oscillation" is another friction-induced vibration, but it 
has not been studied as extensively as stick-slip motion. The vibration is 
characterized by a sinusoidal displacement-time recording, as shown in Figure 
3(b). Unlike stick-slip whose motion is attributed to features of both static 
and dynamic friction, quasi-harmonic vibration is solely dependent upon 
dynamic forces. (Paterson, 1978)
Figure 3. Displacement-time recordings illustrating (a) Sawtooth form typical 
of stick^slip and (b) Sinusoidal form typical of quasi-harmonic oscillations. 
(Brockley and Ko, 1970)
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Another motion referred to as "episodic sliding" is described by Scholz 
et al. (1972) as a transition between stable and stick-slip motions. Their 
description indicates that its force and displacement fonction has the same 
form as stick-slip motion, but is an order of magnitude smaller. Johnson 
(1975) notes that in this motion, particle velocity and displacements are less 
than in stick-slip and the elastic radiation is not audible.
Stick-slip motion is the most common type of frictional vibration and is 
the term most commonly used to describe sliding vibrations. In some 
instances, the term ‘stick-slip’ is rigorously applied, only to the sawtooth 
motion described above, but in other instances is used to describe all friction- 
induced vibrations (Rabinowicz, 1959). As suggested by Jaeger and Cook 
(1979), ‘stick-slip’ might actually be describing several types of phenomena and 
therefore may be a source of some of the conflicting observations presented 
in the literature. The terms ‘oscillation’ and ‘vibration’ are more generic and 
refer to any of the friction-induced vibrations described above. Frictional 
vibrations and some of their potential causes will be discussed in greater 
detail after the presentation of friction mechanisms in the next section.
FRICTION MECHANISMS
Although numerous types of changed pnditions, however slight, can 
readily modify friction, really only two basic/lmechanisms produce the frictional 
resistance. The beginning of this section discusses the fundamental mecha­
nisms of friction which constitutes the resistance to motion. This is followed 
by a discussion of a number of secondary factors which contribute to the 
primary processes and affect instantaneous friction. This overview is not 
exhaustive, but emphasizes the processes germane to this project. Because 
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The micromechanics oWrt^ion encompasses two fundamental processes: 
material attraction or adhesion, and deformation. Together these components 
form the total frictional resistance for any given conditions, as = F^^ + 
F^gf. As a very rough generalization for dry sliding between rough surfaces, 
the adhesion term is usually at least twice as large as the deformation term.
' v’-- N
(Moore, 1972, p. 14)
Adhesion. The adhesive component of friction is the resistance of 
contacting points to withstand tensile forces at the molecular level, or the 
tendency for surfaces to stick together. (Rabinowicz, 1965) This is a surface 
phenomenon which essentially only penetrates to the depth of a molecule. 
(Moore and Geyer, 1972) Adhesion includes the attraction between 
molecules forming or adsorbed onto opposing surfaces and any other cohering 
forces which resist traction independently of forces normal to contacting 
points. ,
The adhesional strength depends upon the physical properties of the 
material and is directly proportional to the area of actual contact. Cold 
welding, such as develops when two pieces of gold are pressed together, is 
adhesional. Friction of the molecularly smooth, cleaved faces of mica is also 
governed by adhesion; when the faces are rejoined, adhesion is so high that- it 
exceeds the bulk strength of the mica and the sample crushes before slip can 
occur. Very roughly, materials having a low coefficient of friction do not 
have high adhesion, and when adhesion is low, it is often due to a surface
:/I 
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film or elastic energy released away from the surface. (Bowden and Tabor, 
1982, p.67)
Deformation. The tangential force that goes into mechanically 
deforming a material, ^dt^er temporarily or permanently, is a very significant 
component of friction. The deformation can be manifest as surface separa­
tion, as changes in asperity shape and, the more extreme, as shearing. The 
greatest effect of deformation acts along the sliding interface (Moore and 
Geyer, 1972), but is only partially affected by surface roughness. The mode 
of deformation also depends on the bulk material properties. Asperity 
deformation can be elastic, plastic or brittle and can result in a secondary 
change in frictional strength. For instance, if asperities thin because of 
distortion, junctions can weaken from the decreased normal force. Highly 
plastic material can distort so severely that surface roughness is continually 
evolving. Conversely, rather than individual asperities deforming, the surface 
as a whole may dilate depending on the path of least resistance under current 
conditions.
Junctions will deform with loading -- whether it is applied tangentially 
or normally. With application of a normal load, points of contact within the 
Junctions displace slightly from elastic and elastoplastic deformation. (Oden 
and Fires, 1983) As a tangential force is applied, deformation is initially 
elastic. Then when the elastic limit is reached, deformation iWomes plastic. 
This sequence can be masked across a surface by an irregular distribution of 
asperity sizes or shapes, as some asperities may be deforming elastically, while 
others plastically. (Jaeger and Cook, 1979, p.55)
Adhesion and deformation can be studied independently by regulating 
surface conditions. (Moore, 1972, p. 14) To isolate the deformation term, a 
lubricant between the surfaces can virtually eliminate adhesion. Alternatively,
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the deformation term potentially can be minimized or eliminated by using 
surfaces so smooth that roughness effects are eliminated and the resulting 
friction is a result of only adhesion.
Contributing Factors
A
Though friction is fundamentally attributed to adhesion and deforma­
tion, these are in turn influenced by a number of secondary factors. These 
factors contribute to establishing the instantaneous frictional behavior by 
affecting the relative and absolute contributions between adhesion and 
deformation. The factors discussed in this paper are as follows; area, 
normal force, roughness, contact time, tangential loading, velocity, dynamic 
history, stiffness, and temperature. Most of these factors are not independent 
of each other, so their effects cannot be isolated. The material properties 
and loading conditions will dictate which of these processes are interrelated 
and to what extent.
Area. Regardless of surface roughness or bulk material properties, the 
single most important factor influencing friction is contact area. Even when 
polished and appearing microscopically smooth, joined surfaces have very little 
actual contact. Contacts are only at the summits of the highest irregularities 
(Oden and Fires, 1983) so that, except when/extremely flat, only 0.01 to 1% 
of the surfaces are touchillfc_XBlok, 1940) Several types of areas described by 
Kragelskii (1965; from Teufel and LogarC 1978) are illustrated in Figure 4.
• The ‘apparent area’ is the total area enclosed by the perimeter ^f the 
sliding surface; this is the area commonly used in calculating stresses.
• The ‘contact area’, A^, is the sum of those areas in contact and is the 
true area of contact. The external load and mechanical properties of
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the material rather than roughness primarily determine the contact 
area. (Blok, 1940)
• The ‘contour area’ is the sum of areas undergoing deformation which 
includes the con^act^reas plus the surrounding distorted areas. The 









Figure 4. Contacting surfaces, showing the apparent, contact and contour 
areas. (Kragelskii, 1965, from Teufel and Logan, 1978)
The friction force is directly controlled by the contact area through 
both adhesive and deformational mechanisms. The significance of area is 
often overlooked because the coefficient of friction for rigid materials is 
independent of the apparent area; however, this is not true for elastic or 
viscoelastic materials. Contact area is affected by the normal load in a 
manner determined by the material prnpprties When plastic, ine normal load 
controls the number of contacts such that contact area and'normal load are 
directly proportional. When behavior is purely elastic, the normal load 
instead controls the size of pre-existing contacts and contact area is propor­
tional to (Archard, 1957; Bowden and Tabor, 1958, p. 20) The contact
and contour areas are directly or indirectly affected to some degree by almost 
all of the other processes, as referred to throughout the chapter.
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Normal Force. The normal load has a large influence on the asperity- 
surface interaction, with its importance to friction exemplified by its role in 
the coefficient of friction. A normal load increases friction by increasing the 
contact area in several possible ways. The normal load can bring the sur­
faces closer together (Teufel and 1978) causing new junctions to form.
Alternatively, the existing asperities may be flattened, thereby increasing the 
contact and contour areas. With only a small portion of the surface area in 
contact, asperity tips are under very high contact pressures (Bowden and 
Tabor, 1958, p. 10) and the frictional strengths at these points are comparable 
to the bulk strength of the material (Oden and Martins, 1985, p. 543).
Whether the independent parameter is actually the normal load or the contact 
pressure has been disputed (Blok, 1940; Bahadur, 1974), with the answer 
probably depending upon the material behavior.
The relation between the normal load and contact area (and, in turn, 
friction) is controlled by the material behavior. When behavior is plastic,
T = II • a„. When purely elastic, friction has been experimentally determined 
to increase exponentially with normal load such that t = n’ • (Archard,
1957; Bowden and Tabor, 1958, p. 20) The relation can be summarized as 
/i’ = T! 0^ where 2/3 ^ m ^ 1, depending on the degree of elasticity. As 
a generalization, the coefficient of friction tends to increase with normal load 
when the material behavior is plastic and tends to decrease when elastic. 
(Bahadur, 1974)
The normal load also influences which friction mechanisms are oper­
ating (Stesky, 1977; Byerlee, 1977), so as a result, n is not necessarily 
constant with At low normal loads, for example, asperity deformation 
may be completely elastic and friction may originate from both dilatancy of 
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load increases contact area sufficiently, adhesion may dominate and some of * 
the distortion may be inelastic. With a very high normal load, contact area 
approaches a limiting value such that the friction force becomes constant 
regardless of further increases in normal load. In that case, peak and 
residual friction may be equal and frictional strength may approach the shear 
strength of the intact material.
Two examples of the coefficient of friction varying with normal load 
have just been presented -- when the material behaves elastically and when 
the normal load controls the operating mechanism. A third instance is when 
friction has an adhesive component, s, that is not proportional to the normal 
load, e.g. T = s + fi' • a„. These examples show why merely reporting the 
coefficient of friction may be insufficient and that the normal stresses ought 
to be reported as well. (Byerlee, 1977)
Experimentalists have usually assumed that normal stress remains con­
stant during sliding. Normal stress is usually derived from either the weight 
of the slider or the force producing static deflection of an elastic normal 
loading system, divided by the apparent area. If normal stress is constant, a 
variation in friction force means a corresponding variation in the coefficient of 
friction. However, Blok (1940) who has been frequently misquoted on the 
subject, explicitly stated that the normal force can v^ along with the friction 
force; subsequently, friction decreasing with velocity iloes not necessarily mean 
that the coefficient of friction is decreasing. ^
Under dynamic conditions, microvibrations change the normal forces on 
asperities, as was first discovered by Blok (1940) and further studied by 
Tolstoi (1967). The vibrations act perpendicular to the sliding surfaces as 
confirmed by the oscillating surface separation. Although the amplitudes are
18 
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only a fraction of the asperity height, the corresponding effect on the normal 
force, and hence friction, is very significant. (Tolstoi, 1967) The behavior of 
these microvibrations is suggestive of a Vertical’ stick-slip, only they act 
perpendicular instead of parallel to the sliding surfaces; these vibrations, 
however, are only about 1% the size of corresponding ‘horizontal’ stick-slip 
vibrations. (Antoniou et al., 1976)
The microvibrations are important because they affect both the friction 
magnitude and sliding stability. Determining fluctuations in normal vibrations 
is essential in accurately calculating the coefficient of fi-ictipn, and data that 
are based on instantaneous normal stress may contain less variability. (Tolstoi, 
1967) Normal vibrations will be discussed further in other sections.
Surface Roughness. The force necessary to overcome surface roughness 
is an important component of friction and is closely associated with the 
deformation mechanism. The asperities forming the surface roughness 
primarily act to alter the contact area or to potentially form interlocking 
surfaces. The force needed to overcome the asperities not only depends on 
their shapes and dimensions, but also on the mechanical properties of the 
material and load distribution. Generally, resistance to sliding is overcome 
and proceeds by one or a combination of the following processes:
• Dilatation between sliding surfaces permits asperities to ride past each 
other. Overriding tends to occur when comp^sive stresses are 
relatively low and the material has fairly high rigidity.
• Hysteresis arises from imperfect elasticity at the molecular level. 
Molecules lose energy when rebounding from elastic distortion, as 
evident by the delayed recovery of indented elastomers. (Moore, 1972, 
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• Shearing or plucking occurs as brittle fracturing (possibly forming 
gouge) or plastic flow. Friction originates from internal resistance and 
causes surface wear. Shearing is likely when the compressive stress is 
high or when only a small amount of energy is required due to the 
comWi€^' shape and size of asperities and the material strength.
• Plowing is a type of shearing between surfaces formed of different 
materials. The harder, stronger asperities penetrate or groove the 
softer, weaker material. When plastic, the weaker material is gouged 
out and the depth of shearing commonly exceeds asperity height.
I
Which process will dominate during sliding depends on the normal 
stresses at both the interface as a whole and on each asperity, and depends 
as well on the mechanical behavior of the material at those stresses. Because 
of these factors, friction does not necessarily increase with roughness as 
generally assumed. Asperity size by itself can affect the distortional behavior; 
the greater the radius of curvature of a viscoelastic asperity, the more it tends 
to deform elastically rather than plastically. (Bowden and Tabor, 1958, p.20)
A distance roughly scaling to asperity size has become evident in 
several ways and, reflecting its significance, has been termed the ‘critical 
distance’. (Heymann et al., 1955) The critical or characteristic distance, dg, 
was first noted in steel by Rabinowicz (1951) as wakening from peak to 
residual friction over a sliding distance corresponding to asperity size. As a 
population of contacts ages, friction may increase, but with sliding, these ^ 
contacts are destroyed. As illustrated in Figure 5, the contact area of 
junctions formed during static loading can decrease with displacement. As 
slip continues, the original junctions are replaced by new and potentially 






   





















Figure 5. Side and plan views of an asperity junction, illustrating the critical 
distance, d^, and the actual contact area, A^, formed (a) During static loading 
and (b) After a displacement of dJ2. (Rabinowicz, 1951)
displacement weakening will occur whenever sliding decreases the average life­
time of a population. (Dieterich, 1979) The critical distance is observed when 
adhesion plays a significant role. However, if asperities become highly 
distorted as in soft metals, asperity size loses its meaning so that the critical 
distance does not have a unique value.
Following an abrupt velocity change, the critical distance appears as the 
recovery distance needed to re-establish steady friction. (Rabinowicz, 1958; 
Dieterich, 1981) Whether changing the sliding speed or initiating motion, 
sliding must proceed at a constant speed for at least the critical distance 
before friction will be steady. (Rabinowicz, 1959) For tests conducted at very 
low velocities, this can require an extremely long time^r friction to become 
steady. In addition during ‘steady’ sliding, fluctuations statistically correlate 
with the critical distance. Sliding equivalent to the critical distance occurs 
prior to each stick-slip event, suggesting that this minimum displacement is a 
prerequisite. (Rabinowicz, 1958)
Contact Time. The time of stationary contact, tj., has long been 
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as the reason why static friction might be greater than dynamic friction and 
why friction might decrease with slip velocity. Several time-dependent 
processes may be involved, depending on material properties. Plastic flow, at 
asperity tips may increase contact area, which requires time to fully develop 
and will cease when eq^ibnum is reached. (Teufel and Logan, 1978)
Adhesive or attractive forces between asperities increasing with time can be 
another process. For instance, in malleable material, a newly formed weld 
may require a finite time to reach its full strength or, in glass, for van der 
Waals’ forces to act.
Various models have been proposed for the changing behavior with 
contact time. In most models, strength reaches a maximum within finite time 
and, after exceeding a certain contact time, friction no longer continues to 
increase. At short contact times, static friction, may be considered 
equal to dynamic friction, (Sampson et al., 1943), which assumes that 
/^stat primarily a function of contact time and that is constant over the 
applied velocity range.
Stick-slip events are commonly used to obtain different contact times by 
varying their frequency. Unfortunately, this might be an inappropriate method 
for determining the significance of contact time since it is not kept as an 
independent variable; this method also changes the load rate, which may well 
be the controlling variable as discussed in the next section. )
Tangential Loading. The effect of a tangential load o/i ;he stress 
distribution between contacting surfaces is a complex phenomenon. With
loading across a rough surface, locally both tangential and normal forces at
•#
asperity contacts increase and junctions can grow prior to sliding. The 
tangential stress field is superimposed over the normal stress field created by 
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of greatest stress migrates through the material until the greatest stress lies at 
the interface. Even though the shape of the contact surface has changed only 
slightly, the contact pressure is distorted and is no longer symmetrical.
« »
The static loading history and presliding have been observed to some- 
times increase friction. In one rock experiment where the tangential stress 
was applied cyclically, both peak and residual friction increased upon subse­
quent application of load (Dieterich, 1981); in this instance, the increase is 
presumably due to crushing or rearranging of the particles forming the gouge.
% In one of their graphs, Bowden and Tabor (1958, p. 85) display stick-slip-sdata 
in which peak friction is increasing over consecutive events.
In many materials, initial friction decreases with increased load rate
^ (Martins et al., 1988), although Dieterich (1979) found that peak friction 
increased with load rate. Load rate when divided by the normal load 
becomes the load-rate parameter, 0. Few had addressed changing rate of 
rheological shear resistance with shearing rate prior to Johannes et al. (1973) 
whose experiments on lubricated steel differentiated between the effects of 
load rate and contact time. Friction was obtained from both continuous and 
delayed stick-slip events in which the latter yielded higher load rates. With
K
friction plotted against contact time in Figure 6(a), the data fall into two 
groups corresponding to the two loading methods. However, when Action is 
instead plotted against the load-rate parameter in Figure 6(b), theyd^ata points 
follow a single trend. This affirms friction’s sensitivity to load/fate. In these 
experiments, stick-slip vibration dies out at 0 > 1 sec'*.
^ Richardson and Nolle’s (1975) results in metal using constant and 
variable load-rate methods are similar to above. However, plotting 0 on a 
logarithmic scale in Figure 7 shows static friction decreasing with load rate 
only over an intermediary range. At lower rates, friction is constant and is
r'
23 
f r t st tr ss i t  t r  t  t i l til t  r t st tr  li  at 
t  i t f .  t  t   f t  t t    l  
li t , t  t t r  i t t   i l  t i l. 
 t ti  l i  ,  r li i     t -\._.)l . 
ti  i   r    t  t  
t       -
   i   
   i     
   -.,  








 . . 
~en ·cti  
  at
  · i ' sitiv~ d  
 - 1  
i '  . . 
 .
 _Fi     
 ·  .  ti    
) 
I:
Load Rata Coall. e
Figure 7. Coefficient of static friction (normalized by steady-state friction) 
plotted against the logarithm of load-rate parameter, 0. Both load rates and 
contact times are variable. (Richardson and Nolle, 1975)
equal to what normally is interpreted as "static friction"; over higher rates, 
friction is also roughly constant but is equal to a lower value interpreted as 
"dynamic friction". The same friction data are plotted against contact time in 
Figure 8, along with data obtained using a constant load rate but variable 
contact times. The data again fall into two groups based on load rate, 
further confirming that load rate is important and that contact time is not 
necessarily the indopendent variable. (
The importance of load rate in governing static fiipfion is well sup­
ported. Antoniou et al. (1976) developed a preliminary model expressing 
as a function of both contact time and load rate, shown in Figure 9. Though 
4hese experiments were conducted only on metal, the results are significant 
since they create uncertainty about our understanding of load rate and contact 
time in other materials.
. 
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Figure 8. Coefficient of static friction (normalized by steady-state friction) 
plotted against contact time, t,,. The dashed line represents the variable load- 
rate data from Figure 7. Additional data points were obtained with constant 
load rate of 0 = 6. (Richardson and Nolle, 1975)
Figure 9. Theoretical graph of the coefficient of static friction, varying 
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Velocity. Friction has repeatedly been observed to vary with slip 
velocity (Moore, 1972, p. 15; Oden and Martins, 1985) and widely is presumed 
to always decrease with velocity. A negative friction-velocity relation is 
significant because it is often consi((er^essential for stick-slip motion. (Blok, 
1940; Tolstoi, 1967; Cockerham and Symmons, 1976) Despite its close 
association with stick-slip, the friction-velocity curve has been determined in 
only a relatively small number of investigations. This section addresses sliding 
at constant velocities, while the next section discusses accelerating motion.
Although the friction-velocity curve appears negative in most observa­
tions, when extended to sufficiently low velocities, most and possibly all curves 
initially may be positive. (Rabinowicz, 1958) Generally, what is usually is 
referred to as ‘static friction’ is actually the first maximum of the friction- 
velocity curve at very low velocities. (Rabinowicz, 1958; Tolstoi, 1967;
Antoniou et al., 1976) The friction of hard materials decreases with sliding 
velofity over a wide velocity raDg5^^ shown for titanium in Figure 10(a).
On the other hand, the friction-velocity curve of soap is positive up to 10 
cm/sec before becoming negative, as shown in Figure 10(b). In general, the 
softer the material, the higher is the sliding velocity corresponding to the 
maximum friction. (Rabinowicz, 1959) In some instances, the friction-velocity 
curve has two maxima (Moore, 1972); presumably adhesion predominates ovej 
one velocity range and deformational processes over the other.
The velocities applied in most experiments are within the range 
coinciding with decreasing friction. To fully evaluate the friction-velocity 
features, a wide range of sliding speeds ought to be employed. Inherent 
difficulties arise, however, while measuring friction at extreme speeds. For 
instance at high velocities, frictional heating can conceal the true velocity 
effects. At very low velocities, experiments can take a prohibitively long time
... 
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Figure 10. Friction-velocity relations for (a) Unlubricated titanium, and (b) 
Soap sliding over steel. (Rabinowicz, 1959) 
28 
) 
to conduct; this is not just because sliding is slower but, as discussed earlier, 
because a constant velocity must be maintained for a certain distance before 
friction becomes constant.
The friction-velocity relation is not an intrinsic property of friction or 
the material (Tolstoi, l^Tj^ut, rather, reflects other micromechanical 
behavior. Theoretically-based discussions are fairly limited on what causes 
friction to change with sliding speed. The decrease in friction with a higher 
sliding rate is often attributed to shortened ages of junctions (Dieterich, 1979) 
or sometimes to the higher loading or strain rates on individual asperities.
At low speeds in a viscoelastic system, static friction will depend on load rate 
and contact time. (Antoniou et al., 1976) Kragelskii (from Martins et al., 
1988) has attributed the negative friction-velocity relation to material softening 
which, in metals, possibly forms a molten film (Bowden and Tabor, 1964, 
p. 237). Burwell and Rabinowicz (1953) attribute the positive segment of the 
slope in metals to creep and the negative segment to ductile or brittle failure.
Tolstoi (1967) attributes the phenomenon of friction decreasing with
velocity to normal microvibrations associated with surface separation and
lower normal stresses. The surfaces vibrate during sliding because of outward
components of colliding asperities and the fup«mental role of normal
stiffness. Amplitudes of the normal vibraeons increase with velocity, however,
this does not happen linearly with normallload. The normal viWations are
asymmetrical, such that increasing the amllitude raises the cp(^rage sliding
level and lowers the average normal stress' The duration over which dpposing
asperities compress each other is shorter at higher velocities, which also 
« • 
contributes to surface separation. (Tolstoi, 1967) When surface separation is
held constant by applying external damping or low slip velocities, the friction-
29 
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velocity relation becomes constant and sliding is smooth. (Oden and Martins, 
1985, p.576)
Dynamic History. Sliding history is another factor affecting the 
instantaneous frictiW^taie time-dependent parameters of contact time, load 
rate and past loading contribute to the quasi-static history. The preceding 
displacement and velocity histories are the dynamic-history parameters and are 
discussed in this section.
Sliding conditions over the critical distance are imparted as a fading 
memory effect on friction. In its simplest form, a history parameter has been 
taken as the average sliding velocity over the preceding critical distance 
(Rabinowicz, 1958); more complicated analyses use state variables that 
continually evolve as a function- of several parameters (Dieterich, 1979).
When abruptly increasing the sliding velocity between granite slabs, 
Dieterich (1981) has noted an immediate increase in friction which decays to 
a level below the initial value, as illustrated in Figure 11. Two competing 
effects appear to be acting. The initial, immediate effect is a positive 
transient increase in friction with velocity (segment B), which is viscous-like 
and may be due to strain-rate dependence of adhesional contacts. As the 
transient effect diminishes, the relaxation process has a negative dependence 
on velocity (segment C) and friction eventually decreases b^ow its original 
level, possibly from the shortened contact tiShe. The equilibrium friction level 
is fully evident only after finite displacement, d^. (Dieterich, 1979)
The difference between acceleration and deceleration in Figure 12 
’ illustrates effects of dynamic history. The acceleration-deceleration cycle 
forms a loop on the friction-velocity curve that is most commonly reported to 
be clockwise. The shape and orientation of the loop depend not only on the
30 
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Figure 11. Idealized response of friction, r, with displacement, x, and vel­
ocity, V, to the abrupt changes in sliding velocity shown in (a). Each graph 
shows, steady sliding conditions (A, D, G); immediate responses to velocity 
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) 
material, but also on the slip velocity and the dynamic properties of the 
equipment. (Martins et al., 1988, p. 12)
The reason for accelerating and decelerating friction differing has been 
only infrequently addressed. One way to look at this behavior is to assume 
that the friction-velocity relation is negative and that a memory effect is 
enacted over the critical distance. In this manner, the average velocity over 
the previous critical distance determines friction. Therefore, the average 
velocity over that interval during acceleration is less than the instantaneous 
velocity. Correspondingly, friction is greater at this lower average velocity for 
acceleration as compared to steady-state or decelerating motion. For an 
experiment in metals, a bifurcated curve was hypothesized (Antoniou et al., 
1976) whereby during acceleration, friction decreased as surface separation 
increased because overriding was the dominate mechanism; but while deceler­
ating, friction was higher because asperity shearing predominated which 
removed oxidation and exposed the stronger fresh metal.
Stiffness. The source of friction is at least partially from deformation 
of surface asperities and, as such, elastic deformation is a part of essentially 
all friction systems. In addition to the frictional properties of the interface, 
the combined stiffness of the testing apparatus and the frictional material is 
important as well. (Moore, 1972; Oden and Martins, 1985) Stiffness, k, plays 
an important role in determining whether slip is stable and partly deWmines 
the instantaneous friction during vibrations because of the driving force 
provided by an imbalance between the spring and friction forces. The nature
of the observed motion also depends on the physical and mechanical proper-*
ties of the testing system. (Bowden and Tabor, 1958, p. 78) The stiffness of 
the system as a whole can mask the importance of the material stiffness and 
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configurations difficult. Relative to its significance, however, the fundamental 
contribution of stiffness to friction has not received appropriate attention.
Early, researchers who measured or regulated stiffness only considered 
the tangential stiffness, k^. This is the s^iffit^s parallel to the sliding plane 
and is determined from the linear segment on the curve of tangential load 
verses strain, as shown in Figure 13(a). The coefficient of static friction 
increases with the tangential stiffness. (Martins et al., 1988, p.96) Tolstoi 
(1967) recognized the importance of normal stiffness in conjunction with 
normal vibrations. Normal stiffness, is measured perpendicular to the 
sliding plane and, as shown in Figure 13(b), increases with load. In practice, 
accurate values for both of these parameters are difficult to determine. The 
influence of both tangential and normal stiffness on dynamic instability, 
particularly in fault studies, has generally been overlooked until recently. 
(Goodman and Sundaram, 1977) Stiffness will be discussed further in context 
with its role in sliding stability in a later section.
Figure 13. Idealized load-strain curves in which slopes represent (a) Tangen­
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Temperature. The effect of temperature is important since most of the 
work in opposing friction is liberated as heat. (Bowden and Tabor, 1958, 
p.33) Most temperature studies have emphasized the heat generated from 
frictional sliding rather than the effects that temperature itself has on friction. 
One of the exceptions is m the study of elastomers where temperature effects 
can be pronounced.
Frictional heat originates at areas of contact arid radiates away from 
the interface. Junctions may become very hot even though the average 
surface temperature might become only slightly warmer. The temperature 
distribution depends on the local pressures, dimensions of the contact points, 
sliding velocity, mode and duration of sliding, and thermal conductivity. (Blok, 
1940; Teufel and Logan, 1978) In some materials, ‘hot spots’ can control the 
behavior of friction. A subtle shift in the elastic limit, change from brittle 
shear to plastic flow, or thermal expansion is envisioned with moderate 
temperature change, causing a change in frictional strength. Temperature 
often cannot be independently controlled, but can sometimes be monitored. 
Frictional heating may be especially important in experiments which are run 
repeatedly, are run at high speeds, or have a repetitious friction path as in a 
rotary system.
STABILITY CRITERIA
Sliding vibrations result from an energy imbalance wtr^ frictional 
strength weakens as a function of some parameter. Even a small variation in 
friction as slip progresses is important to the sliding stability. (Ruina, 1985)
t
Sliding can start out and continue smoothly or later become unstable; in 
other instances, sliding is vibratory at the onset. Although this study primarily 
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purposes is to lend insight into instability mechanisms. Criteria which deter­
mine whether or not sliding proceeds in a stable mode will be reviewed 
briefly in terms of the friction mechanisms discussed above.
The most simplistic explanation for the cause of stick-slip motion is a 
sudden drop from stafi^to dynamic friction. Motion from the applied force 
initially is resisted by friction in which some of the force is stored as energy 
from elastic deformation. In this scenario, sliding initiates when energy is 
sufficient to overcome static friction and, as a result, frictional resistance 
drops from a static to dynamic value. At that point, the stored excess energy 
accelerates the member until the energy has been absorbed so the member 
decelerates. After the member is brought to rest, friction can start to 
increase again and the process repeats. (Cockerham and Symmons, 1976)
The stick-slip process is easily visualized as weakening from static to 
dynamic friction, however, this scenario is too simplistic and is not usually, if 
ever, an accurate account. This is demonstrated whenever a considerable 
interval of stable sliding occurs prior to a stick-slip event. Stick-slip is also 
known to occur when static friction is less than dynamic friction or when a 
true static friction does not appear to exist. Stick-slip can deve^pp in soft 
materials when static and dynamic friction are equal if the soft material piles 
up ahead of a hard slider causing sliding to suddenly occur. (Bowden and 
Tabor, 1982, p. 71) A body accelerating down an inclined ^ne at a critical 
slope is often thought to be the result of a drop in fricKon from the static 
value, but this is not necessarily true. This behavior may result from the 
dynamic instability of the descending body and the consequent normal and 
rotational oscillations. (Martins et al., 1988)
Friction may actually weaken through several possible mechanisms, 
potentially resulting in the unstable condition of the external load exceeding
r 
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the frictional strength. For this instability to be expressed as a friction- 
induced oscillation, the system must be capable of storing energy in the form 
of elastic energy. When released, this energy is converted into an acceler­
ating force which causes the ‘slip’. Inertial effects can be exaggerated by the 
apparent fluctuations in friction. (Blok, 1940)
The instability of a system may be enhanced by lowering the stiffness, 
increasing the normal load or the mass, employing longer contact times, 
applying higher loading velocities, or shortening the critical distance for the 
surface roughness. (Dieterich, 1979; Rice and Ruina, 1983) Also, according to 
Dieterich (1986), the sliding patch must exceed a certain radius that is based 
on material properties. The amplitude of stick-slip displacements increases 
proportionally with mass, and inversely with velocity, damping and stiffness. 
(Lockner and Okubo, 1983) In addition to the properties of the material, the 
damping, stiffness, inertia and mass of the testing apparatus also affect stick- 
slip motion. (Dieterich, 1981; Martins et al., 1988)
Stiffness
Whether fluctuations in friction result in stable or oscillatory sliding 
depends upon the stiffness of the system. Although the importance of 
stiffness in triggering an unstable system has been disputed by some, most 
experiments and theories indicate that a low stiffness is a criterion. (Dieterich, 
1981) Varying the stiffness has been used to regulate the magnitude of stress 
drops and the contact times during stick-slip events in some experiments.
(Johannes et al., 1973; Richardson and Nolle, 1975) Note that frictional
«
irregularities can develop regardless of the stiffness, but that stiffness is a"^ 
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shooting from the release of elastic strain sets an instability into oscillatory 
motion by forming a feedback system.
Self-induced vibrations develop when frictional resistance decreases at a 
rate greater than the loading system is capable of following. The role of 
stiffness in stick-slip motion has been described"^ Rabinowicz (1959) in 
which the friction force in Figure 14(a) is assumed to vary arbitrarily with 
displacement along the solid line, where the spring system for unloading at' ■ 
any point on this curve is represented by dashed lines with slope -k. The 
spring force is shown as a function of time in Figure 14(b).
Sliding proceeds smoothly up to point C. At this point, the decrease 
of frictional strength over the critical distance has a slope that exceeds the 
slope of the unloading curve of the spring, -k, which initiates an instability. 
(Dieterich, 1979) The spring force drops abruptly from point C to point D.
Though the sliding member is still travelling at a constant rate, the spring- 
loaded member responds by accelerating. Area Aj, bounded by the friction 
and spring-constant lines, represents the kinetic energy of the rider. This 
energy is expended when the spring force has dropped to point D, for which 
A2 = Aj. Because the spring force now is less than the friction force (i.e. 
point D is below E), the rider ‘sticks’ until the spring force builds up to the 
friction force. At point E, sliding resumes in a stable mode until the friction 
force again decreases more steeply than the slope of the spring constant at 
.point F. This triggers a second stick-slip event. Increasing the system 
stiffness can reduce the number of oscillatory events because the occasions 
when friction decreases more abruptly than -k is decreased. Though illus^
f •
trated for displacement-dependent weakening, the stiffness mechanism works in 































Figure 14. The role of stiffness in sliding stability for typical apparatus 
(shown in insert), (a) Arbitrary friction-displacement function with spring 
constant represented by the dashed lines, (b) Corresponding spring force with 
time. The stick-slip motion follows the path along C-D-E. (Rabinowicz, 1959)
Goodman and Sundaram (1977) have conceptualized a system in which 
stiffness itself may cause friction weakening. In this model, not only is 
normal stiffness important, but the ratio of to k^ also affects whether 
, frictional vibrations are present. Figure 15 shows their model of two materi­
als having equal tangential stiffnesses but differing normal stiffnesses. With 
-high normal stiffness, ^„)h> the minimal normal deformation which occurs 
with sliding increases the normal force and as a result, the traction force 
follows the upper line having higher frictional resistance. As the normal 
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figure 15. Friction-strain curves for two materials, one with a relatively high'' 
normal stiffness, ^„)h. and the other with a low normal stiffness, The
tangential stiffnesses, are equal and intermediate between the two normal 
stiffnesses and is shown by the dashed line. (Goodman and Sundaram, 1977)
normal force remains nearly constant with displacement and the traction force- 
follows the lower line. The relative tangential stiffness determines whether 
sliding is oscillatory. If, as in this instance, is intermediate between k^)^ 
and oscillations will occur in the material that is less stiff, but will not
occur in the stiffer material. This demonstrates how the normal stiffness 
could cause slip instability, even when the tangential stiffness is held constant.
Friction Weakening
With the role of stiffness introduced, the basis of some friction- ) 
weakening mechanisms commonly proposed to initiate slip instability/will be 
discussed. Classic theories regard friction to weaken in conjunction with time,'
distance or velocity, each proposed as being capable of initiating frictional
«
instability and producing a unique form of oscillation. (Rabinowicz, 1959) All 
three weakening mechanisms have been used to explain the apparent observa­
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widely known about, normal microvibrations have lately gained recognition as 
a potentially important weakening mechanism and will be the fourth stick-slip 
mechanism discussed.
Time. Under some instances, ^cti^ apparently increases with contact 
time. (Rabinowicz, 1959) Unstable slip may result from this mechanism when 
friction strengthens at a rate different from loading. Figure 16 is a diagram 
of static friction verses contact time, in which the diagonal lines are represen­
tative of the spring force. The paths followed during three stick-slip events 
are shown in which the external load is applied at a constant rate. Starting 
at point O, the load is increased until it equals static friction at point A. 
Once the load exceeds static friction, the surfaces slip. During this slip, the 
spring force drops until the load reaches the value at B, at which point 
sliding ceases. The drop in friction between points A and B is twice the
Figure 16. Path for two stick-slip events shown on a graph of static friction 
verses contact time. The form of the curve shows friction increasing with 
contact time; the slope of the diagonal lines is determined by the combination 
of both the spring force and the velocity. (Rabinowicz. 1959)
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difference between at the start of the stick-slip event to r^y^. From 
point B, the load again increases up to point C and another stick-slip cycle 
initiates. Stick-slip caused by time dependency tends to be periodic with a 
sawtooth friction-displacemept^c^e, as was shown in Figure 3(a), and does 
not require the friction-velocity curve to have a particular form.
Displacement. The manner in which displacement weakening leads to 
slip instability has already been discussed in conjunction with the role of 
stiffness. To understand how friction weakens with displacement or position, 
a single asperity can be visualized as sliding across a surface of uniform, figid 
asperities. As sliding progresses, the force needed to move an opposing 
asperity from a ‘valley’ up to a ‘peak’ is greater than from the peak to the 
next valley. Figure 17 is an idealized friction-displacement curve, where 
friction weakens when sliding from ‘peak-to-valley’. Slip is potentially unstable 
during these drops in frictional strength, depending on stiffness. Friction can 
weaken either cyclically at distances corresponding to asperity size or irreg­
ularly when are surfaces heterogeneous.
'I:
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Velocity. The form of the friction-velocity curve is very important
because a negative curve has been considered a cause (Sampson et al., 1943;
Cockerham and Symmons, 1976) or at least an essential condition for stick- .
-slip oscillations (Bowden and Leben, 1939; Blok, 1940; Rice and Ruina, 1983).
Papenhuyzen (from Blok, lVl9) argued that vibrations cannot occur when the
curve is positive because sliding is in stable equilibrium. The system is self-
stabilizing within the positive portion of the friction-velocity curve since
increasing the applied load results in stable acceleration to a higher sliding
- velocity. ^JAf'fiile in the negative portion of the curve, however, increasing^the
velocity can cause a stress imbalance because as the applied load is increased
to raise the sliding velocity, the frictional resistance is decreasing. When
sliding is stable, the friction-velocity relation is commonly inferred to be
positive and, when some sort of instability results, the relation is inferred to
be negative. The concept of a critical velocity has evolved as the velocity
below which sliding is smooth and above which stick-slip occurs. This idea
has developed from the premise of an initially rising then failing friction-
velocity curve and is supported by experimental observations. (Tolstoi, 1967)
The path taken during the slip phase of a frictional oscillation caused
■ by velocity weakening is not outlined in most models.* Generally, neither
friction nor sliding velocity during slip are addressed, and the magnitude of
dynamic friction during this acceleration is not known. (Goodman aM
Sundaram, 1977) The return of the rider to the theoretical fric;lfon-velocity
curve will depend on a number of factors including stiffness. The motion'
resulting from velocity dependence is quasi-harmonic according to Brockley 
* —^ »
and Ko (1970) and primarily reflects characteristics associated with dynamic
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curve is relatively high, the ‘stick’ phase may merely be a decrease in velocity 
rather than actually stopping. This is particularly likely when friction 
weakening is associated with a second apex on the friction-velocity curve.
Whether velocity-dependent weakening is a cause or is only an effect
V
of stick-slip generally has not been clarified in the literature. As well, the 
question of whether velocity weakening itself is an independent mechanism or 
is merely part of time- or displacement-dependent weakening is still open. 
(Dieterich, 1979) Weakening with velocity may be from instability resulting 
from the normal degree of freedom associated with friction-separation and 
separation-velocity relations (Tolstoi, 1967), and the increased amplitudes of 
high-frequency oscillations when the driving speed is increased (Martins et al., 
1988, p. 117). Since static friction in some instances depends on load rate, 
the acceleration rate also may be part of the velocity-weakening mechanism 
and, therefore, play a role in stick-slip vibrations.
Normal Vibrations. Neither the observed dependence of static friction 
on contact time, the distinction between static and dynamic friction, nor the 
effects of sliding speeds on dynamic friction are necessarily intrinsic properties 
of dry metallic surfaces. (Martins et al., 1988, p. 116) The decreasing friction- 
velocity characteristic at low velocities may rather be the consequence of the 
microvibrations normal to the sliding surface. (Tolstoi, 1967)
Oscillations of the normal load, as may result from microvibrations, ^ 
result in friction weakening. The normal microvibrations are generally / 
nonlinear and are produced by a combination of spring forces, inertia, and
adhesion (Antoniou et al., 1976); their frequency depends on contact stiffness
«
and the slider mass (Tolstoi, 1967). These self-induced oscillations may be 
manifestations of dynamic instabilities inherent in the coupling of normal and 
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of freedom is the coupling mechanism between normal and tangential degrees 
of freedom. As the amplitudes of the normal and rotational oscillations 
increase, the condition goes from primarily being sliding friction to impact 
friction. (Martins et al., 1988, p. 110)
Frictional resistance decreases as the sliding surfaces become slightly 
separated because contact area, depth of indentations, and resistance from 
plastic deformation are decreased, and the atomic separations are increased. 
Tolstoi (1967) observed two interesting phenomena when the normal vibra­
tions in steel were damped, which resulted in lowering the sliding level. > 
First, static and dynamic friction became equal to each other and, second, 
both of these friction values exceeded the maximum at the end of a ‘stick’. 
That static friction can be increased this way suggests that seismic vibrations 
cause the natural microvibrations. This is also supported by Antoniou et al. 
(1976) who call these microvibrations "triggering" oscillations because they are 
always in phase at the start and finish of stick-slip events. Vibrations 
disappear when the separation is held constant. Damping just the tangential 
stiffness can eliminate self-induced oscillations without altering the negative 
portion of the friction-velocity curve. (Tolstoi, 1967)
ELASTOMER FRICTION
This final section highlights some of what is known about the friwon 
of elastomers, which includes polymers, natural and synthetic rubber,/and 
highly elastic solids in general. The most comprehensive discussion on 
elastomer friction has been presented by Moore (1972). Most work within 
this area has been conducted on ‘solid’ elastomers against hard surfaces, often 
in conjunction with automotive applications such as tires and windshield 
wipers. Very little work has been conducted on elastomer-to-elastomer
I 
·- , ... 
44 
  .  
  


















contacts or on foam rubber. This discussion generally pertains to elastomers 
in contact with hard surfaces.
I3''-
Characteristics of Elastomers . .\ v_x
Elastomers are moSt notably characterized as being soft, deformable 
and highly elastic as compared to many materials. The molecules are long, 
flexible chains in constant thermal motion. The chains are coiled and 
entangled, and the longer the segments, the greater the material can contort. 
(Bowden and Tabor, 1982, p.38) In more resilient rubber, the chain segments 
are less entangled so that after being stretched and recoiling, they do not lose 
as much energy to internal hysteresis.
Individual elastomer molecules are in either a hard (glassy) phase or a 
soft phase depending on the temperature. If a majority of the molecules are
in the soft phase, the elastomer will have the highly elastic properties 
describetj above. But when most of the molecules are in the hard phase, the 
elastomer behaves more like a typical material. The temperature which 
delineates the gradual transition between these two phases is called the glass- 
transition temperature, a material property which depends on the elastomer 
chemistry.
Frictional Characteristics. Sliding friction of elastomers against hard 
surfaces is attributed to both hysteresis and adhesion, and is noted^ for being 
high, where typically /Xjjy„ = 1 to 4. (Bartenev and El’kin, 1965; Bowden anc 
Tabor, 1982, p.83) Since elastomers deform easily, they can develop large 
contact areas. Solids^ that deform easily and isotropically, such as elastomers, 
tend to have very high coefficients of friction. (Tabor, 1975)
Whether or not static friction exists for rubber has been a point of 
controversy. (Moore, 1972) Rubber might have a true static friction when
I> 
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the rubber is held by adhesive bonds in a state of dynamic equilibrium. 
(Schallamach, 1971; Savkoor, 1986) Rubber friction deviates appreciably from 
Amontons’ law since the coefficient of friction decreases with normal load.
The friction equation is often taken as^^ adhesional term proportional to 
plus a hysteretic term. (Bowden and Tabor, 1958, p.276; 1982, p.83) 
Bahadur (1974) found that contact area in polymers was proportional to N 
while sliding, whereas during unloading, contact area was proportional to
The friction process of elastomers differs from that of most materials 
because it is viscoelastic with the strength markedly dependent on temperature 
and sliding or deformation rates. (Tabor, 1975, p. 520) The interrelation 
between temperature and velocity for both adhesional and hysteretic friction 
of elastomers parallels the same relation for viscoelastic behavior.
(Schallamach, 1963) The interrelation has been attributed to the number of 
bonds being a function of both velocity and temperature.
_ The effects of velocity and temperature are interchangeable using the 
Williams-Landel-Ferry transform. (Grosch, 1963) As illustrated in Figure 18, 
this procedure reduces segments of friction-velocity curves derived at various 
temperatures into a single master curve at a reference temperature; the 
curves are shifted horizontally by a velocity-temperature parameter, logjg a-j-. 
(Moore, 1972) At high strain rates or at temperatures below the material’s 
glass-transition temperature, rubber is no longer highly elastic and the physic^ 
behavior approaches that of ordinary materials. (Schallamach, 1963)
One study has suggested that the dynamic friction of polymers is only 
an indirect function of velocity or temperature. (Vaziri et al., 1988) By 
measuring friction before and after dynamic tests, an apparent velocity 
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Figure 18. Dynamic friction of rubber on wavy glass at various temperatures, 
(a) Legend showing test temperatures, T, from -15® to 85 °C. (b) Coefficient 
of friction versus velocity at various temperatures, (c) Master friction curve 
using the Williams-Landel-Ferry transform for a reference temperature of 
20®C. (Moore and Geyer, 1972) ^
surface conditions. A possible explanation for this is that after being highly 
strained then relaxing, the surface distorts and is no longer planar which 
causes contact area to decrease. But Vaziri et al. (1988) think more likely 
that sliding tends to remove vapors absorbed onto the polymer surface, 
thereby increasing the surface energy and friction; upon standing, the surface 
reabsorb these vapors. Rubber friction has also been observed to rise slowly 
when sliding proceeds at constant velocity because, of direct abrasion of the 
surface. (Moore, 1972) '
Adhesion. Rubber and other elastomers commonly stick strongly to 
smooth surfaces after prolonged contact due to adhesion. (Schallamach, 1963) 
Adhesional friction of rubber on a smooth surface originates from the net 
work to peel apart then re-adhere the molecular bonds. (Schallamach, 1971; 
Briggs and Briscoe, 1976) These might be van der Waals’ forces (Tabor, 
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Tabor, 1964, p. 236). With only a normal load applied, elastomer molecules 
jump along the interface equally in all directions, but with a tangential load, 
the molecules tend to jump parallel to the shearing direction. (Moore, 1972, 
p. 199) A detailed and comprehensive discussion ^of^hesion in elastomers 
has been presented by Moore and Geyer (1972).
Adhesion is attributed to molecular bonding of exposed surface atoms 
in a stretch-break-relaxation cycle, as illustrated in Figure 19. (Moore, 1972) 
The adhesive force resists slip until elastic energy has built up enough to 
rupture the bonds. The stretched molecules relax prior to forming new bonds. 
While sliding, the molecular chains at the surface layer attempt to link with 
molecules in the hard base, forming local junctions. Effectively, the elastomer 
molecules jump a molecular distance to their new equilibrium position.
r/ / //✓✓✓✓✓ / / / /z / z z
a
i ■
/ / 4 / / ^ 4^//////////////^^
Figure 19. Motion of a polymer molecule during adhesional sliding. The 
molecule is stretched a distance, x, then when adhesion is released, stored 
energy produces a jump to the new position at (c). (Moore. 1972)
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On the macroscopic level, an elastic asperity sliding past a rigid asperity 
theoretically progresses in phases when friction is adhesional; at first the 
contact area grows and, after temporary stagnation, a fracture propagates 
across the junction. (Savkoor, 1986) Slight roughness can increase adhesion, 
whereas greater^roi^ness may act to reduce adhesion. (Briggs and Briscoe, 
1976) The friction of smooth rubber sliding over a hard, rough surface will 
differ from rough rubber sliding over a smooth, hard surface. (Moore, 1972)
Hysteresis. Periodic excitation of an elastomer by the macroscopic 
roughness of the opposing surface results in hysteretic losses. ^[Moore, 1972) 
Hysteresis is evident by the delayed recovery of an indented elastomer. As 
an elastomer slides, the leading edge of an asperity tends to "pile up" and 
break contact, creating an asymmetric pressure distribution. With only a 
normal load applied, the pressure distribution about the asperity does not 
create any net side force, hence the friction force from hysteresis is zero.
But with traction loading, a pressure effect causes the material to accumulate 
at the asperity’s leading edge. This creates the asymmetrical pressure distri­
bution which gives rise to a net hysteretic force.
The hysteretic component of friction depends on the macroscopic 
roughness of the hard surface, the viscoelastic properties of the elastomer, 
the sliding velocity, and the operating temperature. (Moore, 1972, p. 233)
There has been a poor consensus over time on the relajrve importance of 




Dynamic Behavior of Elastomers
The behavior of an elastomer sliding against a rigid surface has several 
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friction-velocity relation is commonly observed. In addition, elastomers can 
slide by detachment waves, a mode that is dissimilar to what is observed in 
most materials.
Friction-Velocity Relation. The fricti^n^^ocity relation is frequently 
positive when elastomers slide against rigid surfaces. Part of the reason is 
that the apex of the curve occurs at relatively high velocities. In addition, 
the friction-velocity curve can have two pronounced apexes; because there can 
be two positive intervals, there are two velocity ranges in which stick-slip may 
appear. This form of friction-velocity curve is diagrammatically illustrated in
A
Figure 20 showing the contributions from both adhesion and hysteresis.
At room temperature, the first apex on the friction-velocity curve 
appears at a velocity on the order of 0.1 cm/sec (Moore and Geyer, 1972) 
and is particularly significant because this is at a higher velocity than for most 
materials. The higher velocities make the behavior associated with the 
positive portion of the curve more readily observable. The rising part of this 
peak is primarily attributed to increasing adhesion, whereas the falling
Figure 20. Typical friction-velocity curve for an elastomer showing compo­
nents of adhe.sion and hysteresis. (Moore, 1972)
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segment is due to a decreasing number of bonds at the friction interface. 
(Moore, 1972)
The second friction maximum occurring at even higher speeds is mostly 
attributed to hysteresis. The two competing effects responsible for the rise 
and fall of the hysteretic peak for elastomers are ilktsti^ed in Figure 21.
As velocity increases, so does the average pressure on each bond, but con­
currently, the contact area at each asperity tip and the number of bonds at 
any one time is decreasing. (Moore, 1972) Friction increases along with 
increasing pressure up to the intermediate speed shown in Figure 21 at (b), 
when thfe competing effects limit friction so that the net effect is that friction 
no longer increases. As speed is further increased, say to the velocity at (c), 
^ delayed recovery of the elastomer on the downward slope of the first 
asperity decreases the accumulation on the positive slope of the following 
asperity, thereby lowering friction. The contact area becomes decreased and 
the pressure distribution becomes symmetrical, which also diminishes the 
hysteretic component.
The gla.ss-transition temperature and the external temperature both 
affect what velocity corresponds to maximum friction. The lower the glass- 
transition temperature (which is a characteristic of the elastomer), the higher 
will be the velocity corresponding to maximum friction. (Grosch, 1963)
Raising the external temperature of the surfaces also shifts both maxima to 
higher velocities. The effects of external temperature may be lessened when 
both surfaces are made of the same material since contact area will not 
change much when both surfaces have the same thermal-expansion properties. 
(Bartenev and El’kin, 1965)
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Figure 21. Effects of asperity interaction on the hysteretic friction force, 
Fhyst’ elastomer sliding over a rigid base with increasing velocity, V.
The changing pressure distribution is represented by P. (Moore, 1972)
The roughness of the rigid surface influences the form of the friction- 
velocity curve. ■ (Grosch, 1963) For rubber sliding over a smooth surface, 
friction is attributed solely to adhesion and so only one apex appears on the 
friction-velocity curve which is nearly symmetrical when plotted on a loga­
rithmic scale. However, when sliding is over a rough surface, friction mostly 
comes from hysteresis so that the predominate peak on the curve occurs -at 
the higher velocity. In this instance, the main apex is attributed to energy 
losses from deformation of the rubber surface by the rough surface usually 
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Detachment Waves. Elastomers often do not move in a true sliding 
motion across a rigid surface, rather the surface is crossed by waves of 
detachment which resemble "the motion of a caterpillar on a leaf. (Briggs 
and Briscoe, 1976) The narrov^^ba^s of detachment cross the contact area 
in the sliding direction of the elastomer at speeds greatly exceeding the 
imposed sliding velocity. (Schallamach, 1971) According to Schallamach, these 
waves originate from elastic instability due to tangential compressive stresses 
which buckle the rubber surface. Gent (1974a, b) describes their cause as a 
non-uniform distribution of normal stresses in compressed blocks. >
The driving force moving the fold is the longitudinal stress gradient 
created between areas of tension and compression. (Schallamach, 1971) For 
the waves to propagate, energy must be supplied to cover the energy losses 
incurred when the detachment waves travel along the interface. If the overall 
forward motion is connected with the propagation of detachment waves, the 
energy losses manifest themselves externally as friction. Another possible 
source of energy loss is from the adhesive bonds severing as the elastomer is 
lifted off the track, which may require more energy than is won back when 
the elastomer rejoins the track. Whether an elastomer develops detachment 
waves or experiences true sliding depends on which mechanism offers less 
resistance to motion. ,
Because detachment waves presumably have large grains around^eir 
leading edges and sides, the shape of the surface perimeter becomesMmpor- 
tant. (Schallamach, 1971) When the block length in the sliding direction is
much greater than the width, most of the contacting zone consists of the side«
regions and sliding tends to be smooth. (Gent, 1974a) However, if the width 
is much greater than the length, the block consists mostly of front and rear 
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SUMMARY
Friction is a very complex phenomenon, it is not just a material or 
surface property, but represents a combination of changeable physical and 
mechanical conditions whose effects often cannot be isolated. Some of these 
intermingled conditions include: material stiffness and deformational behavior; 
normal and tangential loading; sliding history; changes in contact and contour 
areas with sliding; various rate effects; and potential time effects. Frictional 
resistance may be overcome by any of several sliding processes and, should 
conditions change, so may the overriding process. No wonder comparing 
'’results from different materials, or even the same material but from different 
experimenters, is so difficult -- not to mention the difficulty in determining 
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Designing and building the testing equipn^t and developing the data- 
retrieval system were a significant part of this project. The initial goal was 
to design an inexpensive experiment that would yield steady-state friction- 
velocity information. From this, procedures were modified to obtain addi­
tional types of data. This chapter describes the foam rubber and the testing 
equipment used, and discusses some of the features of the design.
Experimental objectives were based on both theoretical criteria and 
preliminary observations. Smooth sliding that could be maintained over 
velocities up to 60 cm/sec was required, with minimal irregular fluctuations 
and frictional-induced oscillations. Displacement, friction and time were to be 
recorded with great enough accuracy and sampling frequency to discern fluctu­
ations typical-of unstable sliding. This required preparing the sliding surfaces 
and measuring friction in a way that frictional vibration wzis not enhanced.
FOAM RUBBER
The material being tested is soft foamed polyurethane, commonly 
referred to as ‘foam rubber’. This particular material has a density of 27.8 
kgf/m^ and a shear modulus of roughly 100 gmf/cm^. The voids-«f»-fairly 
'uniform with diameters of roughly 1 mm. The surface roughness is formed 
by the edges of the severed voids. This foam rubber is very compressible but 
does not readily deform in tension. Although this is a highly elastic material, 


























Exposure to light and/or air ages the foam rubber as evident by the 
darkened surface, increased stiffness and lower frictional strength. The effect 
becomes apparent within several weeks of exposure. The elastic properties
were not measured in this study because the available foam samples did not 
age the same as the thin blocks tested.
EQUIPMENT DESIGN
The equipment measures friction between two sheets of foam rubber 
affixed^Q rigid plates, as shown in Figure 22 with a closeup view in Figure 
23. Friction is ineasured by a gage attached between the equipment frame 
and the upper stationary block; velocity is determined from the passing of the 
large lower block which rides on a rail system. Friction and displacement are 
recorded on videotape.
The sliding blocks are formed of thin sheets of foam rubber glued to 
relatively rigid plywood boards. The relatively small upper block is attached 
to a load ring and remains stationary. This block measures 13.6 cm x 21.6 
cm with 6-mm thick foam rubber. The block was prepared by gluing factory- 
cut foam rubber sheets between two plywood boards. The ‘sandwich’ was 
sliced in half through the foam rubber with a band saw, then the edges were 
trimmed. The surface can be cut very evenly because the block is small.
The normal stress was increased to 2.6 gmf/cm^ by gluing and nailing addi­
tional pieces of wood to the block. A flat aluminum clasp for attaching the
block to a load gage is embedded in the front of the block between the 
foam and wood. The leading edge of the foam block is taped with trans- 
parent tape which was essential for keeping shear force evenly distributed 
along the sliding surface. Otherwise, the leading edge would compress 
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The lower block is a sheet of foam rubber that has been factory-cut to 
13-mm thick and is glued with spray-on adhesive to an equal thickness of 
plywood. This block, vyhich measures 0.4 m x 1.6 m, is much larger than the 
upper block and is the sliding member. Sbc grooved wheels are secured 
underneath which ride on two parallel rails; the"1^er block is pulled by a 
cord attached to a hook at the leading end.
The base of the apparatus is made of heavy plywood secured to cinder 





Figure 22. Testing apparatus, set up with the lower block driven by the 
motor. The motor and load gage are attached to a ‘bridge’ above the lower 
block, which rolls on rails. The video camera is mounted directly over the 
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Figure 23. Close-up view of the load gage and blocks. The lower block 
slides to the right under the gage. The 1-cm marks on the lower block and 
the 2-mm marks-tm the dial gage are used to measure displacement.
of the frame. A wooden' ‘bridge’ spans the rails and is clamped to the frame 
about one third from the back. A motor has been bolted to the top of the 
‘bridge’ with a load gage bolted to the front edge. A wire cable, chosen 
, because of its high stiffness, hooks onto the lower board. The cable threads 
■ through a pulley fixed to the front of the frame and is attached to a flexible 
cord. Depending on the particular experiment, the cord either wraps back 
around a rotor attached to the motor or loops up through a second pulley ^ 
hanging from the ceiling with a weight suspended on the end.
The lower block is propelled down the frame by one of two means: a 
motor or a free weight. A variable-.speed motor was used to obtain the 
























and accelerating friction. A bucket hanging from the cord holds the weight - 
about 4.5 kg of sand.
The load gage, which has been carefujly calibrated, is a ring cell as 
used for shear tests on soils. A dial strain gage is in the center and meas­
ures strain of the load ring in 0.0025-mm incremeht&.y^e load ring is firmly 
bolted to an angle iron on the ‘bridge’. The vertical position adjusts so that 
its lowest point is even with the upper foam-rubber block, while clearing the 
surface of the , lower block which slides below it. The upper block is attached 
by a hook and short thin cord to an adjustable bolt on the leading end of 
the lo^ gage.
The center of the lower block is marked with permanent ink at 1-cm 
intervals with every 5^** and 10^** centimeter alternately marked. This is 
measured against the fixed arm of the dial gage marked in 2-mm increments.
Displacement and friction are recorded on 0.5" videotape at 30 ‘frames’ 
per second. A standard VHS video recorder is mounted on a tripod strad­
dling the frame of' the apparatus. The camera is positioned and the tele­
photo lens adjusted so that only the dial gage and portions of the surrounding 
ring gage are in view. The displacement marks appear within the load ring, 
slightly offset from the dial gage. To enhance the photographic exposure, the 
ring gage and a portion of the dial gage have been covered with paper to 
reduce glare. For clear recordings even at high velocities, a digital strobe 
light illuminated the area of the load gage. '
Data were retrieved from a video screen frame-by-frame using editing 
equipment from Instructional Media Services. This included a Panasonic 
AG-6300 video player and a Pdnasonic AG-A650 editing controller. The 






 l ti  fri  c t i  fr  t  r  l  t  i t --
t .  f . 
 l  ,  Jl li r t , i ri  
f r t t'S u  il .  i  t i   i i t    -
 t i   t  l  i . i ehts...AJ:h l  ri i
    t  ' ' .   ·  t  
~  t   l k,  
  l    tt c  
      
qd  
   
Lh Lh
 










     
) 
Figure 24. Video screen and editing equipment. Displacement and load are 
viewed on the screen; time is read from the time/frame counter from the 
editing equipment. Compare the image on the video screen with Figure 23.
FEATURES OF THE DESIGN
This section discusses some specific design features in terms of how 
they have helped to satisfy some of the performance criteria and what some 
' of the limitations are. Some of these features include how stable sliding was 










The greatest obstacle in developing a usable design of the equipment 
was obtaining stable sliding. This was ultimately achieved by addressing two 
facets. The most important was having the system (foam rubber, measuring 
devices and loading system) as stiff as possible. The other was distributing 
the shear load uniformly across the sliding surface and minimizing torque.
Sliding Blocks. Because foam rubber is so highly elastic which tends 
to enhance stick-slip, obtaining stable sliding was challenging. The stiffness of 
the blocks was increased as much as possible to eliminate unstable sliding, > 
but without significantly altering the sliding surface so that the fundamental 
frictional properties of the foam rubber were maintained. Reducing the ratio 
of the volume to the sliding area increased the overall stiffness. Most of the 
distortion caused by surface shear extends about 2-mm deep (roughly the 
depth of two voids) and may extend as deep as 4 to 6 mm. By using 6 mm 
as the minimum thickness, inherent properties of the ‘surface’ are retained.
Gluing sheets of foam rubber to relatively rigid plywood reduces the 
stiffness without significantly altering the deformational characteristics along 
the sliding surface. The rigid plates replace the support that is lost by 
decreasing the foam thickness. Foam rubber for the larger block was factory 
cut to just 13 mm which ensured uniform thickness. The foam for thei small 
block was cut in the lab to 6 mm. The greater stiffness dramatically^- 
creased stable sliding and repeatability. /
Load Gage. Since the system as a whole requires high stiffness, 
selecting a suitable load gage was important. Mechanical gages use the
t
principle of strain being proportional to load. If strain is relatively low, the 
stiffness of the system is high. However, the tradeoff of a stiff mechanical 
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Attempts were made to design a load gage, but none met both the 
stiffness and sensitivity requirements. A Soiltest load ring which surpassed the 
stiffness requirement was decided to be the best gage readily available. This 
was used in conjunction with a dial g^ge^at read in 0.0025-mm increments. 
The normal load of the upper block was increased to reduce the relative 
error. Unfortunately, after completing the experiments, the data revealed that 
the gage was not always consistent between runs due to a slight torque which 
allowed the dial gage to shift within the load ring. This significantly hindered 
the interpretation of the dynamic tests and eventually led to conducting a 
second test to determine dynamic friction.
Torque. The frictional surfaces must be kept parallel while in motion. 
This was achieved by reducing torque of the upper surface by several ways:
• The rigid plates constraining the foam rubber eliminate buckling.
• Transparent tape on the leading edge of the smaller block locally 
•eliminates friction, in part by compressing the foam and by being 
relatively ‘frictionless’. The tape forms a transition between the leading 
edge and the adjoining surface, thus preventing pivoting of the block.
• Pulling on the upper, unconstrained block with a slight upward compo­
nent counteracts the slight torque resulting from the distance between 
the sliding surface and the board where the load is applied.
• The wheel-and-rail system controls the lower surface,—keeping the gros^
sliding unidirectional. f/
Recording System ,
Data were recorded on video for several reasons. It was selected over 
filming because videotape is reusable and does not require developing, making 
this an inexpensive method. Many trials can economically be recorded and
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can be viewed immediately. The recording rate is high enough to accurately 
record stable sliding and identifying rapid fluctuations or oscillations, though it 
might not be sufficient for studying these events. Most importantly, this was a 
full-proof method which did not need dev^lopi^ or extensive testing. Features 
of the editing equipment that made retrieving data possible were the capabil­
ity to advance each frame forward and backward, the digital counter that 
keeps track of each frame, and the high clarity of the still frames.
A great disadvantage of the recording method, however, is that manu­
ally retrieving the data then entering this information into the computer was 
extremely time consuming. This limitation was especially significant during 
the development stage; if the data could have been analyzed in conjunction 
with recording the experiments, problems with the load gage and changing 
properties in the foam would have been detected early. Excessive time 
required for processing data limited the number of trials that could be 
analyzed and eliminated the possibility of approaching the project statistically.
Geometrical Arrangement
Sliding the lower surface ‘out from under’ the upper surface (rather 
than sliding the upper block across the lower surface) has several advantages. 
This configuration allows the load gage to be attached to the stationary upper 
block. Hence, friction can be measured directly without inertial aff^ts or 
other secondary friction sources which would have been present with other 
arrangements. Since the upper block and load gage both remain stationary, 
videotaping friction and^ displacement is simple. In other configurations, the 
camera would have had to scan the experiment or be so far away that 
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This chapter outlines the manner in which the experiments were 
conducted and the methods used for retrieving and analyzing the data. The 
chapter first discusses procedures common to all the experiments, then goes 
on to discuss the procedures specific to each experiment.
GENERAL PROCEDURES
The equipment and procedures were initially developed for recording 
sliding at constant velocities, with emphasis in obtaining and recording sliding 
at high speeds. Upon achieving apparently satisfactory results from these 
tests, some modifications in the experiment were made which enabled testing
of static friction. These latter tests did not, however, have the benefit of 
many preliminary trials before the final tests that would have helped to 
optimize testing conditions.
The final set of experiments used in the analysis were conducted over 
three days to negate aging effects on the foam rubber. After completing the 
trials, the outcome was previewed to see that the information was satisfactory 
and then the appropriate trials were analyzed.
Executing Experiments
The experiments all use the same foam blocks. At the start of each 
trial, the upper block was hooked onto the load ring, then carefully placed
f
upon the lower surface. The upper block was carefully handled by setting it 
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avoid compressing or abrading the surface. The large lower block slides 
beneath the upper block and is driven by either a free weight or a motor. 
The free weight was used in most cases, which was suspended from a cord
attached to the lower block. The cord was threaded through a pulley at the 
end of testing apparatus then through a second pulley suspen^^ from the
ceiling. The motor was only used for the constant-velocity tests.
During preliminary testing, the first trials within a sequence sometimes 
had substantially lower friction than later trials, so several dry runs were 
made^rior to each group of experiments. To avoid other inconsistent 
conditions, trials within a sequence were made 5 minutes apart and were 
intermixed within a set (e.g. fast and slow, or long and short contact times) 
to minimize cumulative errors introduced by sequence.
Recording and Retrieving Data
The experimental data were recorded on videotape and were reviewed 
to obtain time, load and displacement. The zoom lens focused on the ring 
gage and the underlying displacement marks of the lower block. This was 
the only part of the experiment in view of the camera. The reflective parts 
' of the gage were covered to enhance the photographic images. To keep 
track of each trial, the day and month were digitally displayed and the third 
^umber (normally the year) was set instead as the trial number. The video 
camera was started several seconds prior to applying the load for each trial.
A hand-held strobe light was aimed toward the load gage and helped 
‘freeze’ the image. A videotape frame actually consists of two images, each 
containing every other line of the picture. When viewed frame-by-frame, the 
first image passes across the screen then is replaced by the second, stationary 

























strobe was set to 60 cycles per second which made certain that the stationary 
part of the image was illuminated.
Because retrieving the data from the videotape is so time consuming, 
only a very limited number of trials could be analyzed. To ensure an 
adequate number of usable trials, the total number oKtri^ was two to four 
times greater than the number analyzed. The videotape was reviewed to 
select the trials that would be used. Some were eliminated because of poor 
lighting or clipped frames. Frames were occasionally blurry because of no 
flash or a double flash from the strobe. From the remaining trials, those 
with the naost stable sliding and minimal fluctuation in friction were analyzed.
Data have been retrieved frame-by-frame using editing equipment which
••
acts as a counter and allows each frame to be advanced forward as well as 
backwards. Each data set contains a reading of time, position and frictional 
force. Relative-time is displayed in minutes : seconds : frame on the editor 
and is reset to zero for each trial. A frame is equivalent to 1/30 second.
The friction and position of the lower block are read from the video 
screen. The dial gage measures the linear deformation of the load ring, with 
each change in increment equivalent to 142 gm^. Except where otherwise 
noted, the dial gage was read to the nearest half increment.
Displacement is measured as the relative change in position of the 
lower block between frames. About 4 cm of the lower block is in the
camera’s view. The block is marked in 1-cm intervals with every 5^** and 10^** 
centimeter alternately marked. The position is first determined to the nearest 
centimeter then, from a fixed scale affbced to the dial gage, is read to the 
nearest millimeter. In some of the static-friction tests, relative position was 
estimated to the nearest 1/4 nun. Displacements can be readily determined 























Data were processed using the spreadsheet program LOTUS 1-2-3 on 
an IBM Personal Computer. The time series with the corresponding positions 
and dial gage readings for each trial were entered into the spreadsheet. The 
pre-formatted spreadsl^ee^ontains calculations, conversions, graphs, and infor­
mation such as the surface area and weight of the upper block.
Most of the data manipulation is simply converting data to a more 
usable form. For instance, video frames were converted into equivalent time,
t
and the gage readings were converted into loads and stresses. Displacements 
were calculated from the positions of the block. Instantaneous velocity, V;, 
was calculated with the following equation which is a weighting function using 
three distance-time pai^ as follows:
+ 0.3 -*1-2 + 0.1
~ ^i-3
For most trials, four graphs were generated that included friction versus 
time, displacement and velocity, and displacement versus time. The graphs 
are the primary basis for reviewing and analyzing the data. Graphs of 
displacement and friction verses time were reviewed for all experiments to 
establish that sliding and friction were steady. In the constant-velocity 
experiments, velocity was primarily determined from the graphs of displace­
ment verse time; otherwise, velocity was evaluated from frictionVvelocity 
graphs. Conclusions based on the friction-vtlbcity graphs hajLio be carefully 
interpreted in context of their sliding history.
SPECIFIC PROCEDURES
The remainder of the chapter discusses details specific to each experi­
ment. The first experiments focus on the effects of contact time, sliding
67 
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history and load rate upon static friction. The last two sets of experiments 
focus on friction during stable sliding and the relation between dynamic 
friction and velocity.
Contact Time and Static Sliding History
The tests to determine the effects of contact time and prior sliding on 
static friction have been performed in conjunction with each other. Each trial 
consisted of two segments of sliding in which the upper block is in static 
contact for equal durations. For the first half of the trial, the upper block 
was gentljt placed so that the surfaces were not stressed prior to loading. 
Sliding was induced by dropping a 4.5-kgf weight. By stopping the weight 
midway, displacement was limited by allowing only half of the sliding. The 
blocks were again left stationary without being disturbed for the specified 
duration in the-second part of the test. The load was released again and 
sliding resumed for the i^st of the way.
Contact time is taken as the time from when the blocks come in 
conta€t4g the time when slip actually starts. In this case, the start of slip 
closely'^coincides with the load application. Four contact times are used:
~1, 10, 100, and 1000 seconds. The times were determined by an external 
clock and are close approximations; the short lag time between application of 
the load and slip initiation is not taken into account. * The 1-second contact 
time is only a rough approximation.
.. One trial for each contact time was analyzed that had stable sliding 
and was photographically clear. Only the first 10 cm of data were analyzed. 
During initiation of sliding, motion'was often very slight over each frame, so 
a reading was taken only when the cumulative displacement was measurable.
‘‘For data retrieval, time was reset to ^ero for both halves of each trial.
■' • '''
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The results were analyzed from graphs of friction vs. displacement by 
making two types of comparisons. First, the effect of contact time was 
determined by comparing the trials without prior sliding to each other, and 
corhparing the trials that had experienced prior sliding to each other. Second, 
to determine the effects of sliding'^hiilory, those trials with no prior sliding 
were compared to the corresponding trials that had experienced prior sliding.
Load Rate
These trials tested the effect of load rate on initial slip, with contact 
time held constant. Load has been applied by pouring sand through a funnel 
with the rate controlled by varying the diameter of the funnel opening. The 
load rates have been estimated from preliminary trials. The total contact 
time, which is the static contact time plus the loading time prior to sliding 
(the dynamic contact time), was set at four minutes, or 240 seconds. The 
load times were also estimated from earlier trials and were subtracted from 
the total contact time to establish static contact times to use. The rates and 
times for each of the four trials are as follows:
static dynamic estimated load-rate
contact time contact time load rate parameter
(sec) (sec) (gmj/sec) (sec-')
15 225 20 0.02 )
180 60 75------- . 0.1 y
220 20 225 o.r
238 2 2250 3.0
After being carefully placed, the upper block remained in contact for 
the designated static contact time, and then loading was started by pouring 
the sand through the funnel with the appropriate sized opening. When
.,, 
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macroscopic slip occurred, the total time was noted as the actual contact 
time. Two trials for each load rate were made. The trial with the greater 
stability and photographic quality was analyzed. The data were retrieved for 
the first 10 cm of slip and plotted on graphs of friction verses displacement. 
For the initiation of these experiments, the dial gage was estimated to ± 0.2 
increments which is equivalent to 30 gm^.
U
Constant Velocity
The goal of this experiment was to record dynamic friction for a set of 
constant velocities. The velocity was changed for each of over 50 trials, 
though, over the course of the experiment, some velocities were repeated.
The lower block was set in motion by a motor with adjustable velocity, how­
ever, the gear would slip so that pulling the block manually was also neces-
¥
sary. Conducting these trials required two people: one to operate the strobe 
light, video camera and motor, and the other to place the upper block, switch 
on the motor and pull the lower block.
Sbcteen of the most stable trials were analyzed representing the full 
range of velocities obtained. Because the focus is only on sliding at constant 
velocity, neither the initial friction or the intervals when the speed was being 
"fchanged were analyzed. The procedure for analyzing this data were the most 
elaborate and methodical of this investigation. First, linear segments of each ^ 
displacement-time graph representing intervals of constant velocity were 
visually determined. Segments with erratic friction were eliminated. For each 
remaining segment, the corresponding velocity and average friction was 























To obtain a wide range of velocities within a single trial, the lower 
block in this experiment was accelerated by a free weight. A 4.5-kgf weight 
was selected as the o^tii^ load to initiate sliding. Two people were 
required for this experiment -- one to operate the strobe light and camera, 
and the other to place the block and release the weight. The supported 
weight was hooked onto the end of the cord hanging from the ceiling, then 
was gently released and allowed to drop to the floor.
Just a few trials were made in this set and only one was analyzed. 
Measurements were taken for the entire trial from the start of sliding.
Graphs of displacement and friction verses time were reviewed to establish 
that sliding was, in fact, stable. Two instability were noted that did not 
represent stable sliding and, as a result, five data pairs were removed from 
the data set along with the interval representing static friction. Instantaneous 
velocities were calculated using a weighting function and plotted against 
friction.
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These experiments, in all, have been successful and have yie^ded^ome 
useful information about the friction and sliding behavior of foam rubber. 
Some of the preliminary results, which have been more fully presented in the 
Appendix, are highlighted first. The three static-friction tests are then 
discussed, followed by the two dynamic-friction tests. Each section briefly 
reviews the procedures, presents the resulting data and analyses, and discusses 
the significance. These findings are summarized at the end of ^h«-£hapter.
•':-'. vV ;•'C-O-NT•U •'RACER
Some of the early, somewhat qualitative experiments provided the 
foundation for the final, more quantitative tests and were essential for 
designing the equipment and developing procedures. The results and observa­
tions have also been useful for interpreting data. Although for the mo.st part 
these experiments were not tightly controlled, several very important observa­
tions have been made. Importantly, stick-slip was eliminated - largely by 
increasing the stiffness - which resulted in stable sliding. This was partially 
accomplished by making the foam-rubber blocks very thin and reinforcing 
them with plywood. Increasing the machine stiffness, particularly of the cable 
and load gage, also helped to obtain stable slip.
Some of the tests and observations from preliminary studies are 
described in the Appendbc and the results are summarized here. Many of the 






























Stick-slip can be reduced or eliminated by increasing stiffness. Normal 
stiffness of the sliding members is especially important.
Static friction and low-velocity dynamic friction are proportional to the 
normal load raised to the 2/3’’** power, ^lli^oefficient of friction that 
best describes the relation is n’ =
As an approximation, =, 5 and — 6 at 12.5 mm/min.
Over a range of normal loads, dynamic friction at 12.5 mm/min is 
roughly 20% greater than static friction.
The friction-velocity relation appears initially to be positive, then 
flattens out.
Normal Load Static Friction Dynamic Friction
% ’’dyn #*stat stat ^dyn /^dyn M dyn
gmf/cm2 gnif/cm^ ^stat/*^n ^stat/^n ^ gnif/cm^ ^dyn/^n
0.7 ' 4.2 5.9 5.3 5.0 7.0 6.3




The first set of experiments explores the behavior of friction as sliding 
initiates -- static friction. Three conditions that potentially affect static 
friction are evaluated: contact time, sliding history and load rate. These 
tests were performed at a normal stress of 2.62 gm^/cm^.
The data from these tests have been evaluated graphically, primarily as 
friction verses relative displacement. Although ideally both initial and peak 
friction are evaluated, only peak friction could be ascertained from these 
experiments. Initial friction is ordinarily determined as the point where the 
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be determined consistently in these experiments. This was because friction 
increased so rapidly between measurements and because displacement was 
measured relative to a fixed position rather than to the adjoining surface. 
Peak friction was readily ascertained, however, and the analyses focus on this. 
This is a particularly useful parameter since peak friction is often what is 
interpreted as ‘static’ friction. (Tolstoi, 1967)
.H"..
Contact Time
^ For some materials, adhesion increases with the length of time that 
surfaces are iri contact. This test has been performed to determine whether 
contact time has a significant effect upon static friction in foam rubber. 
Contact times of 1, 10, 100, and 1000 seconds (roughly 17 minutes) have been 
tested. After the blocks were in static contact for the specified duration, a
4.5-kg load was applied which is sufficient to induce sliding. The first 10 cm 
of slip has been evaluated for each trial. The contact time of one second is 
only an approximation since neither the moment when the surfaces come in 
contact nor when slip initiates is precisely measured.
Friction is plotted against relative displacement in Figure 25 for each 
contact time. The four graphs are very similar to each other. Within the 
first centimeter, friction increases steadily to a slight peak, then drops to a 
residual level. The relative heights and widths of the peaks are all compa­
rable. Each, peak is roughly 0.2 to 0.3 gmf/cm^ greater than the residual 
friction. No systematic trends appear between graphs and no time depend­
ency is observed over the four orders of magnitude tested.
9
A potential increase in the friction of foam rubber with contact tim^ 
would likely be from strengthening of the contact bonds rather than from 
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Figure 25. Static friction results for increasing contact times.
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attraction at points of contact, which achieve full strength rapidly. Therefore, 
the long end of the tested range is most likely sufficient to cover contact 
times of interest and testing longer contact times would not likely alter the 
results. However,' change in friction during the initial second of contact is 
uncertain in these tests and strengthening is poWbl^within this time interval. 
If strengthening is occurring within this time frame, molecular forces are 
. expected to build so rapidly that strengthening would likely occur in virtually 
all instances of contact.
Static Sliding History
Another test was conducted to gain insight into the effect of sliding 
history on foam-rubber surfaces. In this case, the behavior of static friction is 
compared for conditions with and without prior sliding. The first part of 
each fgSfis the same one used for evaluating contact time, and doubles for 
the condition of no prior sliding. For that segment, the weight was dropped 
one meter causing the lower block to slide just half its length. Sliding stops, 
friction drops nearly to zero, and some ‘negative’ displacement is measured. 
Slip does not actually reverse, but rather the elastic force exerted by the 
upper block causes the lower block to roll back slightly. For the second half 
of the trial, the surfaces remain in contact without being disturbed for the 
same duration as for the first half. The weight* is then re-released to initiate
sliding again. This procedure has been repeated using four contact times.
The re.sults are shown by graphs of friction versus displacement in 
Figures 26 to 29, with each representing a different contact time. The upper 
graphs, part (a), are the cases which had not experienced prior sliding, as 
taken from Figure 25 in which the friction peaks are slight. The lower 



















































tg = 1 sec
Figure 26. Static friction results for sliding history with t^ = 1 sec.
(a) Initial episode with no prio'r sliding; taken from Figure 25(a).
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Figure 27. Static friction results for sliding history with t^ = 10 sec.
(a) Initial episode with no prior sliding; taken from Figure 25(b).
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Figure 28. Static friction results for sliding history with t^ = 100 sec. 
(a) Initial episode with no prior sliding; taken from Figure 25(c).
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Figure 29. Static friction results for sliding history with t^ = 1000 sec.
(a) Initial episode with no prior sliding; taken from Figure 25(d).
(b) "Subsequent sliding episode.
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more prominent peak, then drops to a residual level, except in Figure 26(b), 
where the ‘peak’ is better described as an unstable fluctuation. For these 
latter cases with prior sliding, peak friction is roughly 1.0 to 1.8 gmf/cm^ 
greater than residual friction, representing a l6^o difference. As was ob­
served for initial sliding, contact time does not have an effect for subsequent 
sliding jepisodes.
Comparing the two sliding histories, i.e. comparing graphs (a) to (b) in 
Figures 26 to 29, clearly shows that peak friction is higher in the second case 
when the surfaces have experienced prior sliding. Conservatively estimated, 
the heights of the peaks (defined £6 - F^esidual) 3 to 5 times greater
when the blocks have slid previously than initially without prior sliding. The 
primary difference between the two histories is the condition of the sliding 
surfaces. After the asperities are stressed from sliding then relaxed, they tend 
to interlock and become distorted which locally redistributes normal and 
tangential stresses along the surfaces. When reloaded, a greater force is 
needed to overcome interlocking and this is reflected in the higher peak 
friction. Thus, this is indirectly a displacement phenomenon based on the 
asperities and d^..
Load Rate
The purpose of this experiment is to observe the effect of load rate on 
static friction independent of contact time. Preliminary experiments suggested 
that peak friction might be greater at slower load rates. The load rate in 
these tests is controlled by adjusting the funnel opening through which sand 
(the load) is poured. Load rates for each funnel size and the times taken
for macroscopic slip to occur at each of these rates have been estimated from
■* ^
trial runs. Based on these estimates, static contact time for each rate was
.. 
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adjusted so that the sum of static contact time and loading time prior to slip 
would be 4 minutes. Total contact times were within ± 15 seconds of this 
target during actual runs. The four load rates applied were between 20 and 
roughly 2250 gmf/sec. When normalized by the weight of the block, load 
rate becomes the load-rate parameter, 0, and ranges between oW^d 3.0 
sec‘^ This highest rate was also used for testing contact time and sliding 
history.
The results are shown in graphs of friction verses displacement in 
Figure 30. Each curve is characterized by an initial peak in friction which 
then drops to a residual level. At the highest load rate, this peak is very 
subtle. At the lowest load rates, the peaks are prominent and are followed 
by a drop below the residual level attributed to overshooting.
Immediately apparent is that the prominence of the peak is inversely 
proportional to load rafeT" The height of the peak relative to residual friction 
is the greatest at the lowest load rate and is very shallow at the highest rate. 
Peak friction itself increases gradually from 12'/2 to \3Vi gm^/cm^, but the 
prominence of the peak is determined by the drop in residual friction fol­
lowing the peak. Residual friction is 12 gmf/cm^ at the highest rate, and 9.4 
gmf/Cm^ at the lowest load rate where it tends to increase with displacement.
These results are very interesting because they show a case in which 
friction decreases markedly and systematically. The increase in peak friction 
with decreasing load rate is consistent with what is predicted by theory, 
particularly for viscoelastic materials. The prominent peaks at lower load 
rates, however, is not completely attributed to load rate, but is amplified by 
dynamic conditions of the system. As peak friction increases, the larger drop 
to dynamic friction has a normal component which causes surface separation 
and temporarily decreases the frictional resistance.
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While the above section focused on static friction, this section addresses 
dynamic friction, that is, friction between surfaces already in motion. Specif­
ically, two experiments were conducted to better determine the friction-velocity 
relation, an important consideration inVslidAg stability. Preliminary studies 
and observations indicated that the friction-velocity relation is positive up to 
about 0.2 cm/sec, then flattens out, however, the relation at higher velocities 
had not yet been tested. Based on stress drops in an early foam-rubber 
experiment (Brune, 1973), a potential decrease in friction of 10 to 20% over 
a velocity range up to 100 cm/sec was anticipated. As with the static-friction 
tests, the normal stress was 2.6 gmf/cm^. The constant-velocity test js briefly 
discussed, followed by the increasing-velocity test.
-Constant Velocity
Ideally, a friction-velocity curve is derived by combining data from a 
broad 'range of constant-rate velocities. Thirty-five friction-velocity data pairs 
were selected from a large number of trials and compiled into a single curve. 
The results of this experiment proved to be only partially successful, though, 
due to experimental error. The problem was occasional torque on the load 
ring which caused anomalously high measurements during some trials. The 
results are only summarized here, but are expanded upon in the Appendix.
Measured velocities ranged from 4 to 110 cm/sec. I'he friction 
averaged about 11.5 gmf/cm^ ± 10%, possibly increasing gradually with 
velocity. These results are inconclusive because this amount of scatter is 
comparable to the |)otential friction change that was anticipated. However, 
even though the data points are too scattered to be definitive, the results 
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instance, a 10 to 20% decrease in friction over a restricted portion of the 
velocity range, as possibly expected, would probably be apparent. These 
results along with preliminary observations of stable sliding with increasing 
load have continued to suggest a flat to positive friction-velocity relation. 
These observations prompted further investigation. Another approach has 
been taken to ascertain the friction-velocity relation as described below.
Increasing Velocity
To eliminate inconsistent measurements of friction between trials, 
another experiment was designed to record a full range of velocities within a 
single trial. The block was accelerated by applying a free weight. A single 
trial produces a broad range of continually increasing velocities from which 
instantaneous velocities are calculated. From several trials, the one with the 
most even sliding has been analyzed.
The graph of displacement verses time in Figure 31a shows that sliding 
was smooth and accelerated evenly. Friction verses time and displacement in 
Figures 31b and c show that after sliding initiated, friction was generally 
steady. Two instabilities occurred during the trial and these data points are 
excluded from analysis because they do not represent stable sliding and so do
t
not meet the stable-sliding criteria. The first five data points are part of the 
transition from initial to sliding friction; these points are also excluded from 
the analysis for reasons which will be discussed below.
Instantaneous velocities have been calculated and are plotted against 
friction in Figure 32. Velocity ranges from 5 to 70 cm/sec. Friction starts
f
out at roughly 11.4 gmf/cm“ then gradually and fairly smoothly increases with 
velocity to 12.4 gmf/cm , an 8% increase which corresponds to a coefficient 
of friction, of 6 to 6.5. This suggests that the friction-velocity relation
r\
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fr::; Figure 31. The dynamic friction, history during acceleration.
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Figure 32. The friction-velocity curve for acceleration, from data shown 
in Figure 31.
is slightly positive over the tested range. Sliding that is fairly stable with 
increasing load, as observed during preliminary experiments at low velocities, 
is consistent with a flat to positive curve.
To verify these results, some of the tests conducted on static friction 
have been re-examined in context of their friction-velocity curves. The 
purpose is to 1) justify eliminating the initial data points considered to be 
transitional from static friction, and 2) verify whether the positive slope is an 
accurate reflection of the friction-velocity relation.
Friction-velocity curves have been calculated for the sliding-history tests
%
as shown in Figure 33 for initial sliding, and as shown in Figure 34 for the 
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Figure 33. Friction-velocity curves for initial sliding episodes without prior 
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Figure 34. Friction-velocity curves for second episodes of sliding, corre­
sponding to Figures 26(b) to 29(b).
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sliding, the friction-displacement curves had only minimal friction peaks and, 
as shown in Figure 33, the corresponding peaks in the friction-velocity curve 
are also minimal. On the other hand, the friction-displacement curves for 
subsequent sliding episodes had prominent peaks which, as shown in Figure 
34, have matching peaks on the friction-velocity curves.
The peaks occurring with prior sliding result from asj5erity interlocking 
associated with static friction, not velocity. These friction-velocity curves do 
not reflect causative behavior from velocity but, rather, an effect due to 
another cause. For this reason, the graphs in Figure 33, which are for the 
cases without prior sliding, are better representations of the friction-velocity 
relation under steady-state conditions. The available data and observations of 
sliding behavior indicate that, in foam rubber, the initial portion of the 
friction-velocity curve is flat and that removing the initial data points forming 
the peak and TeTIecting static friction is justified for these particular tests.
Attention is now focussed on higher velocities not affected by static 
friction, generally the portion of the curve above 2 to 5 cm/sec. In the 
friction-velocity curves shown in Figures 32, 33 and 34, friction is constant 
with velocity overall. Although a few curves, most notably Figure 32, appear 
slightly positive, this trend is not consistent. These results are sufficient to 
conclude that the friction of foam rubber is constant rather than rising for 
velocities from about 4 to over 70 cm/sec under these testing conditions. 
These experiments support the preliminary observations that the steady-state 
friction-velocity relation rises rapidly then flattens out.
This experiment departs from the constant-velocity experiment because
f
the blocks are accelerating. Though very low acceleration did not affect 
friction in preliminary work, this might not necessarily be true at these higher
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velocities. Since constant-rate friction can differ from accelerating or deceler­
ating friction, this curve is strictly only appli^le to accelerating motion.
SUMMARY
This study was conducted to learn more about\tafi^ and dynamic 
friction and the behavior of foam rubber. This section summarizes the results 
discussed above and incorporates the preliminary work in the Appendix.
General
• Friction of the foam rubber is proportional to the normal load raised 
to the 2/3*^^ power. The coefficient that best describes the relation 
between friction and normal load in this material is
• Stick-slip vibrations have been eliminated by increasing stif^i^s^/^e 
normal stiffness of the sliding members and the machine stiffness are 
both very important.
Static Friction
• Initial friction has been estimated for extremely low load rates. At 
normal loads of 0.7 and 2.7 gmf/cm^, the average initial friction is 4.2 
and 10.4 gmf/cm^, respectively. Correspondingly, n’ = 5.4.
• Most of the investigations of ‘static friction’ have, more precisely.
measured peak friction near the start of sliding. With the normal load 
at 2.6 gmf/cm^, peak friction is generally between 10 and 11 gmf/cm^, 
corresponding to n' = 5Vi. Peak friction has been as high as 13.5 
gmf/cm , in which /x’ = 7.
Contact times of 1 to 10^ seconds does not effect peak friction. Should 
contact time have an effect, it is over a shorter time than was tested.
:
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• Whether or not a sliding episode has been preceded by an initial 
interval of sliding has a significant effect on peak friction. Peak 
friction for initial sliding is only about 2.5% higher than residual 
friction, as compared to roughly 10% for the subsequent sliding epi­
sode. The higher peak friction iVealised by asperity interlocking and 
redistribution of surface stresses.
• Load rate has had the most noticeable effect on friction. Peak friction 
from 12'/2 to 13'A gmj/cm^ as the load-rate parameter decreases from 
3.0 to 0.02 sec'\ This effect is amplified by dynamic conditions which 
causes residual friction to drop dramatically at very low load rates.
Dynamic Friction
• Friction increases very rapidly with velocity up to about 0.2 cm/sec;
— above this, the friction-velocity relation remains flat. Though quanti­
tative data are not available for velocities between 0.5 and 4 cm/sec, 
friction appears to be constant over this interval based on observations 
of creep-like sliding and stable acceleration to higher velocities.
• Friction is constant with velocity from 0.2 to 100 cm/sec, the approx­
imate upper bound of tested velocities. Dynamic friction over this 
range is consistently around 12 gmf/cm^ when the normal load is 2.7 
gmf/cm^. This corresponds to n" = 6.3.
At 12.5 mm/min, dynamic friction is I'A times greater than initial 
friction over the tested normal loads of 0.7 to 3.9 gmj/cm^.
Nothing has yet suggested that velocity causes friction weakening but, 
rather, a nega'tive friction-velocity relation can reflect other friction- 
weakening mechanisms. In instances where the friction-velocity relation 
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This project has effectively addressed several areas pertaining to 
friction. The frictional attributes of foam rubber are now better parameter­
ized than before, as previously presented in Chapter 5. The tested conditions 
and observed behavior in foam rubber have been useful for evaluating some 
of the factors affecting friction and sliding stability in elastic systems. In 
additipjU this enables better scaling so that foam rubber can be used more 
quantitatively & a modelling media.
:.v*-
FRICTION AND FRICTION WEAKENING
The sliding friction of foam rubber is much higher than in most mate­
rials and is also higher than solid elastomers sliding against hard surfaces.
The deformation component contributes significantly to friction in terms of 
hysteresis and, to an unknown extent, dilation or other overriding processes. 
Adhesive resistance also appears to contribute to the friction in foam rubber, 
but to an uncertain degree. Adhesion is a large component in solid elasto­
mers as seen as higher tensile strength when pressed against a hard surface; a 
similar occurrence is seen in foam rubber surfaces that are pressed together, 
although this is just as likely due to interlocked asperities as it is to adhesion.
The literature, particularly for rock studies, has commonly considered 
velocity-dfipendent weakening to be the most plausible mechanism for friction­
al vibration. In theory, this type of weakening appeared to be less restrictive 
in the range of conditions necessary for it to occur and was consistent with 
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review of the literature nor the experimental results in this study have given 
substantiating evidence for velocity weakening as the mechanism for stick-slip. 
Friction weakening with velocity is not an inherent characteristic of foam 
rubber, and does not appear to be the mechanism causing stick-sli^jt^ations. 
A negative friction-velocity relation has, however, been demonstrated to 
decreased due to other reasons, thereby validating that friction weakening can 
be an affect that is associated with velocity, without being the cause.
Friction of foam rubber does not strengthen with contact time as it can 
in some materials. Contact time has often been considered as one reason for 
static friction being greater than dynamic friction and for the friction-velocity 
relation being negative, however, neither pertains to foam rubber.
Friction of foam rubber appears to weaken with displacement under 
certain conditions. This was suggested tests where friction dropped from peak
to residual levels because of interlocking asperities during second sliding 
C' episodes. This has several implications for stick-slip motion. For instance, 
initial sliding may occur at lower traction loads than for subsequent sliding 
and for stick-slip events. Additionally, the stress drop and redistribution of 
tangential and normal stresses caused by one stick-slip event may change the 
stress regime for the following event. This may be especially true when slip 
does not propagate across the entire surface or when slip is not uniform 
across the surface.
Decrease in load rate increases peak friction, as predicted in visco­
elastic theory. Befcause dynamic friction is unaffected, this causes a relative 
drop in friction and, hence, load rate is a potential stick-slip mechanism.
V,, ■ »
Peak and dynamic friction are almost equal at high load rates, so stick-slip 
would not be expected. However at low rates, a differential in friction is 
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attempted, this may be an explanation for stick-slip dying out at higher 
velocities ir^ many materials because of the corresponding increase in load 
rate.
Another interesting phenomenon occurred in conjunction with large 
drops from peak friction at very-low load rates. Dynamic friction deciWs^,'^ 
and the only reasonable explanation is inertia. When frictional resistance 
drops sufficiently, apparently a normal component partially separates the 
sliding surfaces, thereby reducing dynamic friction. This effect of normal load 
would undoubtedly occur when stress dropped for other reasons. This 
exemplifies the importance^ of considering variable normal load.
' Although the exact cause, or causes, of friction weakening in foam
rubber is somewhat obscure, the effects and importance of stiffness was 
prominent. Frictional vibrations were eliminated solely by increasing the 
stiffness of the system. TheTTOfmal stiffness of the foam-rubber blocks was 
^ increased substantially, although the tangential stiffness may have been 
increased equally as much. The stiffness of the testing equipment in this 
study has had a large effect on sliding stability in a similar manner as for 
other types of experiments.
This study has expanded the interest in stiffness in terms of its role in 
basic friction -and how it contributes to sliding instability. Clearly, stiffness 
has been a primary factor in this study and exemplifies the importance' of 
stiffness for both the material and the testing equipment. Based on some of 
the literature, though,, certain testing conditions or material properties can 
affect the relative influence of stiffness. Deformation, including elastic defor- 
mation and dilation, needs to be addressed in the friction of elastic material. 
Friction can be modified through deformation, for instance, by changes in 
normal stress which alter the contact area, and by the capacity for storing
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energy which makes inertial effects possible. Elastic deformation can be 
difficult to detect but, in all, can be very consequential to sliding behavior.
As friction theory was reviewed and assimilated, the established mecha­
nisms for friction weakening and assumptionSi of constant normal stress did
M
not seem valid for elastic systems. With further exWiflition of the literature, 
most notably from mechanical engineering and with subsequent foam-rubber 
experimentation by Dr. Brune, normal vibrations have emerged as a legitimate 
weakening mechanism for many materials, including foam rubber.
V Tolstoi (1967) and Oden and Martins (1985) have presented sound 
arguments supporting the idea that dynamic changes in normal force are 
major controls in stick-slip. However, earthquake researchers either have not 
been aware of these ideas, or have dismissed them. A limited variation of 
this concept has been addressed and accepted in context of static friction, 
when the -nofmal component of the shear stress applied to a rough surface 
causes the rise to peak friction. Going a step further by extending this to 
dynamic conditions and accounting for inertial effects logically leads to the 
occurrence of frictional vibrations. Interaction of opposing asperities under 
dynamic conditions creates a credible scenario for generating components of 
normal motion and corresponding changes in normal load.
The potential for normal vibrations being a major control in stick-slip 
behavior has vital implications for rupture mechanics, fault behavior and, in 
turn, earthquake prediction. Therefore, physical and theoretical models'wKTcIT 
do not address inertial changes in normal load may be missing the crux of 
what drives the system. Rock friction and earthquake mechanics should be 
re-evaluated in light of the possibility that dynamic normal stress is affecting 
and possible controlling the systems.
energy hich akes inertial effects possible. lastic defor ation can be 
ifficult to tect but, i  all, can be very conse e tial to sliding be a ior. 
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Measuring the friction of foam rubber started out as a simple task, 
however, the difficulties encountered are evidence of the complex nature of 
friction. In light of its complexity, atteihpiting to describe friction by just a 
few parameters is not realistic. Just as Coulomb’s law is valid only un^fer-^'^ 
certain conditions, so will other simplified models of friction. (Oden and 
Martins, 1985) Based on the literature alone, it seems evident that several 
mechanisms are capable of producing similar behavior. For instance in 
metals, friction increases with contact time because plastic flow increases 
contact area, whereas in other instances, a finite amount of time is necessary 
for a weld to reach full strength. These multiple mechanisms for equivalent
C>
behavior is, in some ways, simplifying since friction measurements encompass 
the contributions of any enacting mechanisms without having to know the 
specific sources. But converseTyTIhis makes determining specific influences 
^ore difficult.
An awareness that analogous mechanisms may yield similar behavior is 
important in modelling frictional behavior. Studying similar types of behavior 
in widely differing materials and scales will aid in understanding the sliding 
process by accentuating these parallel factors. Because a number of mecha­
nisms can be working, addressing all of them is necessary to decipher the 
friction process.
Much of the confusion currently existing in friction theory no doubt 
stems from applying assumptions and generalizations based on one type of 
material and inappropriately applying it to another type without validation.
- V
The friction laws appropriate for plastic or rigid system are different from 
those applying to elastic systems and need to be sorted out. Filtering through 
and resolving which facets of the frictional phenomena are common to both
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types of material and which phenomena are unique will be instrumental in 
refining friction theory. Part of this filtering process includes understanding 
what analogous mechanisms can produce similar behavior. Evaluating the 
behavior of like materials can enhance the similarities and help uncover the 
common factors.
The processes involved in dynamic systems are too complicated to be 
approached empirically. Shifting from empirical to theoretical approaches 
supported by appropriate and better-directed experimental and field data will 
help to discover these processes. Additionally, recording data more precisely 
and reporting them ki a more exacting, complete manner will help eliminate 
some of the confusion. For example, initial and peak friction are more 
specific than the vague term, ‘static friction’. Referring to the ‘coefficient of 
friction’ can be counterproductive if done carelessly and, if used, it is impor­
tant that the most appropriate definition be applied. The normal force, or at 
least its effects, warrant greater consideration than has been typical, which in 
some instances may include distinguishing between the normal stress along the 
surface and the stress on individual asperities.
Modelling nature inherently tends to have more uncertainties to it than 
modelling engineered designs. Many parameters in nature are not known, 
making construction of an appropriate counterpart difficult. The Imodelling 
strategy needs to be interactive with field studies of earthquakes'or other 
fault motions. The model may point the way toward gathering more appro­
priate field data or lend insight into analyzing existing data more critically; 
these findings may in turn help to refine the model.
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Preliminary testing was an important phase of the project because of 
the insight and direction it provided for further study. Observatio,i^^d data 
have been useful in initial assessments of the frictional tharacteristic of foam 
rubber and have aided in interpreting later data. Various measuring tech­
niques were tried in this preliminary work which helped to establish equip­
ment and measurement requirements and to anticipate physical limitations or 
procedural obstacles. These early studies tested several types of foam rubber 
under conditions notably different from and often with lesser control than in 
the final tests. Some of the pertinent observations and results are presented 
here.
Coefficient of Friction
Early tests showed a wide disparity in friction measurements, which at 
first was attributed to a high sensitivity to testing conditions. But then the 
indistinct and subjective differentiation between static and dynamic friction was 
realized. When methods advanced from estimating static and dynamic friction 
to measuring friction with displacement, it became evident that what was 
earlier interpreted roughly as "static friction" was actually "peak friction". As 
very rough estimates, the coefficient of friction (when defined as was 
around 2 to 3 for the stiffest foam rubber tested, and was around 6 to Vh in 
soft foam rubber.
Sliding Behavior
Whether or not friction went through a peak prior to reaching its 
residual value seemed to depend, at least in part, on overall stiffrress. Gener­
ally when the system was stiff, the transition from static to dynamic friction 
was smooth; but when stiffness was low, the initiation of slip was associated 
with a small drop in force from peak to residual friction. Frictional oscilla­
tions between foam-rubber blocks were observed many times under various 
testing configurations. However, the detailed b,ehavior of these oscillations is 
not well documented, particularly for the fluctuations in friction, since unstable 
motion is not within the scope of study. The oscillations often resembled 
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motion was very similar to harmonic oscillations in which frictional strength 
was more rhythmic, where the decreases were less abrupt and occurred at 
rates comparable to the increases.
The displacement-time history was precisely and continuously recorded 
for rigid foam rubber in one of the experimental configurations. Small 
intervals of slip, on the order of 0.1 mm, began prior to gross slidin^as the 
load was rising to the static-friction level. Whether the entire surface or only 
patches of it were slipping could not be ascertained, although it seemed like 
the latter. This would be congruous with an earlier observation of stiff foam 
rubber in which slip across patches of the surface was audible, even though 
gross slip of the block clearly had not yet occurred. Although the force was 
only intermittently monitored, it appeared to drop abruptly in typical stick-slip 
fashion, butTiot as rhythmically as other vibrations.
Creep-like slip occurring in soft foam rubber sliding over rigid foam 
rubber was another interesting phenomenon. In this case, displacement was 
precisely measured with a gage before and after each incremental increase in 
traction load. Upon some of the load increases, slip would immediately start 
but then tapered off in creep-like fashion. This behavior would repeat with
■ subsequent load increases__The amount of creep was usually on the order of
0.1 to 0.3 mm each time, but when the cumulative load approached peak or 
residual friction, the creep-like slip increased to as much as 0.5 mm; at some 
level the load would be sufficient’ to cause continuous sliding. Friction was 
not measured but only inferred from the applied load, so the frictional 
changes during these creep intervals are not known and no further work was 
conducted on this type of behavior.
Because the focus of this study was characterizing stable friction, 
considerable efforts went into eliminating sliding oscillations. This goal 
eventually was achieved. Reducing the stiffness of the system was clearly a 
large factor. Making the foam-rubber blocks sufficiently thin reduced the 
normal stiffness. Boards reinforcing the foam rubber added rigidity to the 
blocks and minimized buckling that developed even for foam-rubber blocks 
that were thick and rigid. Additionally, the elongated proportion of the 
smaller block in the sliding direction is stabilizing. Reducing the stiffness of 
the testing equipment was also essential. The cable that pulled the block was 
metal over most of its length and the load gage that was eventually used was 
the stiffest one available.
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Static and Dynamic Friction with Normal Load
One of the exercises was conducted to estimate static and dynamic 
coefficients of friction, and to evaluate the effect of normal load. Friction 
was measured at the start of sliding and at 12.5 mm/min for various normal 
loads. The upper block was pulled horizontally using a shear box -- one 
normally used in soil mechanics. The block was attached in series to 
simple load gage that in turn was hooked to the shear box so that load was 
measured directly.
The foam rubber was the same type used later in the final set of 
experiments. Both blocks were formed of fairly thin slices of foam rubber 
glued to plywood. The lower blftck was roughly 1/2-m long and was held 
stationary in a wooden frame. The upper block measured roughly 12x24 cm 
with the normal load set to 0.7, 1.2, 1.9, 2.7 or 3.9 gmj/cm^ by adding 
weights. The shear box was operated at its highest rate of 12.5 mm/min 
each time.
As the load was applied, the asperities along the line of contact 
between the surfaces were watched very closely and, as soon as slip was 
noted, the load gage was read. Determining initial friction as closely as 
possible was attempted, but because this is rather subjective by this method, 
the measurement is better referred to more generally as ‘static friction’.
Visually determining when slip initiates is not readily apparent in an 
elastic media so a criterion defining this was established. Seeing only one or 
two asperities along the edge moving independently was not considered 
sufficient to establish slip; these asperities are less confined and tend to move 
sooner than at the surface interior, and are more reflective of localized 
behavior rather than general surface conditions. Conversely, by the time the 
whole block is sliding, static friction has already transformed into dynamic 
friction. With’" some experience, a reasonably consistent point was identified 
and recorded as the start of slip.
As the block continued to slide, velocity and friction would both 
increase until an equilibrium condition was reached. This load representing 
dynamic friction at 12.5 mm/min was also recorded. After this second 
reading, the normal load was changed and when a new equilibrium condition 
was reached, a third measurement was recorded as additional dynamic friction 
data. Although not continually monitored, friction went from initial to 
residual values without first going through a peak most all of the time.
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After converting loads into stresses, static and dynamic friction were 
plotted against normal stress as shown in Figure 35. Though the data points 
are somewhat scattered, several trends are readily apparent. First, dynamic 
friction is greater than static friction -- for the data as a whole, dynamic 
friction is 15 to 25% higher. This is consistent with static and dynamic 
friction compared within the same trial where dynamic friction is 10 to 66% 
higher than static friction and, on the average, is 25% higheW-T^ie table 
below is a summary of friction averaged for each normal stress along with 
several versions for the coefficients of friction.
Average Static and Dynamic Friction with Normal Load









0.7 . 4.2 5.9 5.3
c
1.2 6.2 5.0 5.4
II ^ 1.9 8.2 4.3 5.3
2.7 10.4 3.9 5.4
3.9 13.7 3.5 5.5
c
12.5
0.7 5.0 7.0 6.3
c
1.2 7.6 6.1 6.6
< ul
1.9 10.2 5.3 6.6
£
C3c 2.7 12.3 4.6 6.4
Q 3.9 15.8 4.0 6.4
Significantly enough, friction is not linear with normal load, since the 
coefficient of friction when defined as = t/(t„ does not remain constant. 
For purely elastic behavior, recall that coiltact area and, hence, friction are 
proportional to The form of this equation is t =
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Figure 35. Static friction and dynamic friction at 12.5 mm/min plotted 
against normal stress. Equations are plotted for t = n' • in which 
M’stat = 5.3 and = 6.6
These equations are plotted in Figure 35 for reference. These equations fit 
the data very well, particularly for dynamic fiction. The equation 
r = 5.3 • is a slightly closer fit for static friction but this is a minor
variation and is possibly only an apparent effect due to the static data being 
more sparse. By looking at the two different calculations for the coefficient 
of friction in the table, fi’ remains constant with and so is clearly a better 
coefficient for foam rubber. Therefore, under these testing conditions,
M’stat 5.4 and = 6.5 for this material.
Note that had measurements not been made at £ 1, friction may 
have been'interpreted differently. This limited data would have likely been 
approximated as being linear with an inherent shear strength, s, in the form 
of T = s + Z9 • , with = 3.0, 5(jy„ = 4.2 and, in either case, = 2.9.
•
Dynamic Friction at Low Velocities
Other preliminary tests were -conducted to roughly estimate the initial 
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normal stress was again 0.7 gmf/cm , but the traction load was applied and 
measured differently. By necessity due to the measuring technique, the 
velocities were very low, less than 300 mm/min (0.5 cm/sec). The upper 
block was attached to a pulley system with a hanging weight as the driving 
mechanism. The weight was a container into which sand was slowly applied 
at a constant rate through a small-diameter funnel. In\n^ instances, the 
volume of sand used was limited so that during the latter part of the trial, 
the load was constant. The ending volumes of sand were varied between 
trials. Total displacements in individual trials were less than 10 cm, and 
durations of combined loading and slip took up to 20 minutes.
A scale was placed adjacent to the sliding block to measure displace­
ment in 1-mm increments. This was read aloud into a tape recorder along 
wth loading information and the tape was played back against a stopwatch to
.c
obtain the displacement history. Neither the load nor friction were continu­
ously, or even directly, measured. Rather, the times were noted when the 
flow of sand was initiated and when the sand ran out, which is when the 
load becomes constant. By knowing this information and the weight of the 
load at the end of the trial, and by assuming a constant load rate, the load 
history was inferred. Because acceleration was always low, friction was taken 
to be equivalent to the applied load.
Plotting dispilacement and load with time for each trial showed consis­
tently that while load was increasing, the block accelerated, and that while the 
load was constant, so was velocity. This remained true even on the occasions 
when the flow of sand was stopped and restarted during sliding. The nature 
of this motion in response to load is consistent with a positive, or at least 
flat, friction-velocity relation. The velocities were determined from the graphs 
primarily at the end of each trial where the load was constant. For supple­
mental data, load and velocity were also estimated for some instances when 
the block was accelerating.
The results from these trials are compiled in the graph of friction-----
verses velocity in Figure 36. Data points for acceleration appear to follow 
the same trend as for constant rates suggesting that, at least over these low 
ranges, acceleration is not a factor. Friction is approximately 4 gmf/cm^, or 
= 5, at the lowest velocity measured. Roughly this increases logarithmically 
to 8 gmf/cm^ at 100 mm/min, corresponding to = 10. Friction appears 
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These results verify earlier observations that the friction-velocity relation 
at these very low velocities is positive - both within individual trials and for 
the composite data. A negative relation in not indicated anywhere within the 
tested interval. Projecting the curve to V = 0 yields a very rough estimate of 
static friction at about 3'A to 4 gm^/cm^ or, equivalently, = 4.7. 
According to Figure 36, dynamic friction at 12.5 mm/min is approximately 5.7 
gruf/cm^ with a corresponding coefficient of friction, = 7.2. These
results at 0 and 12.5 mm/min are reasonably consistent with those presented 
in Figure 35 for the corresponding normal load of 0.7 gmf/cm^. There is a 
larger difference between static and dynamic friction in this case, however, 
which could be because of static friction being overestimated in the former 
procedure.
t .. •
Friction at Higher Velocities
The most yalid friction-velocity curve is established by combining 
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Figure 36. Com~osite friction-velocity curve at very low velocities with 
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series of trials were made at various velocities using the blocks and apparatus 
described in Chapter 3 and a normal load of 2.6 gm^/cm^. The results are 
only briefly discussed in Chapter 5 because of the limited success, but are 
expanded upon here. The velocity, which was primarily controlled by a 
motor, was kept constant during segments of each trial. Insufficient power 
from the motor because of a slipping gear resulted in unex^j^ptilling. To 
compensate, the lower block was also pulled by hand which reduced the 
demand upon the motor enough for sliding to be smooth.
Nineteen trials have been analyzed. Figures 37 and 38 show displace­
ment and friction verses time for two examples. The first is a fairly slow run 
at 14 cm/sec with only minor, random fluctuations in friction. Figure 38 is a 
much faster run in which sliding is stable over intervals at 69 and 76 cm/sec. 
The erratic friction occurring in between has not been analyzed. At higher 
velocities, the number of fluctuations is greater; the magnitude also appears 
larger but to a large extent is reflecting inertia in the spring of the dial gage. 
Though sliding conditions tend to be more steady at low velocities, some 
fluctuations in friction occur both sporadically and rhythmically at all veloci­
ties.
The trials were roughly sorted into groups by velocity, and the most 
stable trial in each group was analyzed. During slow trials, several intervals 
of constant velocity were obtained by increasing the sliding speed part way 
through. Since only steady sliding is of interest, just the suitable portions of 
each trial were analyzed; initial friction and irregular motion caused by 
changing the speed have not been analyzed. Data from the individual trials 
were analyzed and compiled as follows:
• Straight segments of the displacement-time graphs indicating constant 
velocity were determined visually and marked.
The corresponding friction was checked and if fluctuations were greater 
than ± 0.5 gm^/cm^ the interval was eliminated.
• Segments representing less than 10 cm of displacement were eliminated 
to insure that the motion was not transient.
• For -all remaining segments, the velocity and the average friction over 
the segment was calculated.
• The friction-velocity data were coqipiled into a composite graph of 
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Figure 37. A typical example of displacement and friction plotted against 
time for slow sliding. Displacement and time are relative and have been 
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Figure 38. A ^ical example of displacement and friction plotted against 
time for fast sliding. Displacement and time are relative and have been 
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The compiled data are shown in Figure 39 for velocities ranging from 
4 to 120 cm/sec. Over this range, friction varies from 10.2 to 13.8 gm^/cm^ 
The data points form a fairly flat, broad band along 11.5 gmf/cm^ corre­
sponding to = 6 ± 'A. The form of the curve may be slightly positive, 
but is masked by scatter. Friction varied more between trials than because of 
velocity which suggested that the scatter came from compiling datVjw^ 
different trials. More closely examining the apparatus revealed that the way 
the load ring hung from the bracket caused a slight torque which resulted in 
the dial gage reading high during some trials.
With scatter of ± 10%, data interpretation is difficult and inconclusive 
as friction was anticipated to decrease only 10 to 20% based on a prior study 
(Brune, 1973). That the curve does not have an obvious negative interval is 
still significant. For instance, if friction decreased 10% over a limited velocity 
range, say between 0 and 50 cm/sec. this trend would probably be apparent. 
These limited results along with earlier observations of sliding generally being 
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